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ABSTRACT
The performance of supported metal catalysts largely depends on the structure
and composition of the metal particles and the nature of the support. In order to achieve
better control over these parameters, synthetic route based on the use of templating agents
has been proposed. Among the different templating agents, poly(amidoamine) (PAMAM)
dendrimers have attracted a lot of recent attention as nanoparticle stabilizers. In this
thesis, Au/G4OH nanocomposites were synthesized in aqueous solutions and used as
precursors for the preparation of SiO2-supported Au nanoparticles. Elemental analysis,
UV-Vis, and STEM measurements were used to estimate the extent of the Au-dendrimer
interactions and to illustrate how the solution pH affect the number of Au atoms
complexed with each dendrimer molecule, as well as the final size of the SiO2-supported
gold particles. At pH=7, Au5/G4OH nanocomposites with sizes of Au particles below 2
nm can be formed and used as precursors for the preparation of solid materials. We show
that such nanocomposites can be deposited intact on the surface of SiO2 and yield highly
dispersed and nearly uniform Au nanoparticles with dimensions on the order of 1.6 nm.
One of the simplest, least expensive methods of catalyst preparation is the wet
impregnation, where an oxide support is contacted for a certain time with a liquid
solution containing the metal precursor. In certain circumstances when the impregnation
conditions are controlled it is possible to end up with uniform and highly dispersed metal
particles. One of these examples is the “Strong Electrostatic Adsorption” (SEA). In this
thesis, the extension of SEA is made to an important noble metal, silver. Evaluation of
v

the uptake of Ag diammine (Ag(NH3)2+) over supports with low and mid-point of zero
charge (PZC) (Nb2O5, SiO2, Al2O3 and ZrO2) was performed and this knowledge was
used to prepare highly dispersed monometallic Ag nanoparticles.

Temperature-

programmed reduction (TPR) was used to determine the reduction temperature of the
final Ag/SiO2 (low-PZC) and Ag/Al2O3 (mid-PZC) catalytic materials. Finally, STEM
and XRD measurements were also used to image and determine the size of the resulting
supported metal nanoparticles, respectively.
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CHAPTER 1
CATALYSIS BY METAL COLLOIDS-POLY(AMIDOAMINE) (PAMAM)
DENDRIMERS AS STABILIZERS OF METAL NANOPARTICLES

1.1 Metal Colloids
Electrostatic and steric factors are used most frequently to explain the stability of
colloidal suspensions.1,2

The classical theory of Derjaguin, Landau, Verwey, and

Overbeek (DLVO) explains the kinetic stability of colloids by positing an energy barrier
which metal anions/cations and surfactant molecules must overcome in order to form
complexes.3

This barrier is formed due to superposition of repulsive (Coulomb

interaction) electric double layer and attractive van der Waals potentials (Fig. 1.1).3-5
Shiraishi et al. reported that at high pH negatively charged carboxylate groups of a 3mercaptopropionic acid caused the formation of an electric double layer that stabilizes
metal particles in the dispersed state. However, when these groups are substantially
protonated at low pH and their charge is neutralized, van der Waals attractions dominate
and drive the aggregation of metal particles.6
In steric stabilization, metal nanoparticles are separated from each other by larger
molecules of surfactants, acting as protective shields. Coordination of metals to such
molecules prevents their agglomeration.8,9 Finally, an electrosteric stabilization has the
advantage of providing an electrical double layer of repulsive forces as well as the steric
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Figure 1.1 Two potentials considered by the classical DLVO theory and their resulting
superposition. The separation distance refers to the surface-to-surface distance. In this
example, it can be seen that a small energy barrier must be overcome to form an
aggregate.3
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barrier. An example of this kind of stabilization occurs in the case of the late suspension
coated with block copolymers of poly(ethylene oxide) of low molecular weight in the
presence of salts.10
Poly(vinyl pyrrolidone) (PVP) is a polymer commonly used for nanoparticle
stabilization and catalysis, because it fulfills both steric and ligand requirements.1,11,12
Many PVP-stabilized monometallic (e.g., Ir
bimetallic (e.g., PdAg

20

, AgRh

21,22

, PtRu

12

16

, Pt

13,14

, CuPd

, Ag 15, Ru

23

, RhPt

24

16,17

, Rh 18, Au 19) and

, AgPt

25

and AuAg

26

)

nanoparticles have been synthesized. Among them, PVP-stabilized Pd nanoparticles
with sizes in the 1.1-2.5 nm range prepared by refluxing solutions of palladium(II)
chloride and PVP showed small catalytic activity for hydrogenation of 1,3-cyclooctadiene.27 On the other hand, PVP-stabilized PdAu nanoparticles with sizes on the
order of 3 nm were found to be more active in this reaction.28 Finally, PVP-stabilized
Ni(0) nanoparticles with dimensions of approximately 3.6 nm were found to be much
more active for the production of H2 from NaBH4 than bulk nickel.29
Many other polymers such as di and tri-block copolymers
(SPs)

32

, poly(ethylene glycol)

33

, poly(vinyl alcohol) (PVA)

poly(methyl hydrosilane) (PMHS)
(POMA)

37

12

, poly(pyrroles)

, poly(ethylene imine) (PEI)

38

36

34

30,31

, star polymers

, poly(styrene) (PS)

35

,

, poly(o-methoxy aniline)

, sulfonated cardo poly(arylene ether sulfone)

(SPES) 39, chitosan 40 and Nafion 41 have also been used as efficient steric stabilizers for
metal nanoparticles in solution.
1.2 Properties of PAMAM dendrimers
PAMAM dendrimers were extensively used as efficient steric stabilizes during
the last decade.42-44 Dendrimers are highly branched 3D globular macromolecules with a
specific molecular weight and sizes in the 1–100 nm range.1,45,46 In contrast to traditional
11

polymers, dendrimers have unique structures possessing three basic architectural
components: a core, an interior of shells (generations) consisting of repeating branch-cell
units, and terminal functional groups (the outer shell or periphery).47-49 Poly(propylene
imine) (PPI) was the first dendrimer that was synthesized, followed by many new classes
of dendrimers such as PAMAM and Fréchet-type polyether dendrimers.50-52 Among
these dendrimers, PAMAM dendrimers (Fig. 1.2) constitute the dendrimer family that is
most extensively characterized and commercially available.49
PAMAM dendrimers consist of repeating tertiary amine and amide branching
units, which are displayed in geometrically progressive numbers as a function of
generation.53 The most characteristic chemical property of amines is their ability to act
as nucleophiles because they possess a lone pair of electrons on the nitrogen atom. They
also act as bases by accepting protons from a variety of acids in aqueous solutions. 54 The
high density PAMAM dendritic molecules, consisting of nitrogen ligands in concert with
the possibility of attaching various functional groups such as amines, carboxyl, etc. to
their periphery make them particularly attractive as high-capacity chelating agents for
transition metal cations.45,55,56

Since dendrimer dimensions and end groups can be

varied, they are typically named by their generation (e. g., G1, G2, etc.) and exterior
functionality (e.g., -NH2, -OH).57 Unfortunately, the complex multistep synthesis of
dendrimers results in expensive products with limited use for large-scale industrial
applications.42
When the dendrimer generation is four or higher, the conformational flexibility of
the PAMAM molecule is sterically limited and the dendrimer structure assumes a
densely packed globular shape.58,59 Generation 4 or higher PAMAM dendrimers are the
most commonly used for preparations of metal/dendrimer nanocomposites. G4-NH2 and
12

Figure 1.2 Poly(amidoamine) (PAMAM) dendrimers.60,62
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G4-OH dendrimers are approximately 4.5nm in diameter and contain 62 interior tertiary
amine groups and 64 peripheral functional groups.60 The terminal groups in G4-OH
dendrimers are less reactive than those in G4-NH2 and the former type of dendrimers
allows to avoid the competitive binding of metal ion(s) to the dendrimer periphery and
the formation of intradendrimer nanoparticles.60,61
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CHAPTER 2
SYNTHESIS OF MONOMETALLIC DENDRIMER-ENCAPSULATED
NANOPARTICLES IN SOLUTION
2.1 Complexation of metal cations with dendrimers
Since metal cation/dendrimer complexation is an acid-base reaction, it is
important to understand how the choice of ligands influences complexation rates of
individual metal cations. The choice of donor atoms for each specific metal cation can be
determined based on the Hard and Soft Acid and Base (HSAB) principle of Pearson.63
The HSAB principle can be used in order to select an effective ligand (i.e., Lewis base)
for a given metal ion (i.e, Lewis acid). Table 2.1 shows the binding constants of metal
cations to selected unidendate ligands. The OH- ligand is representative of ligands with
negatively charged “hard” O donors such as carboxylate, phenolate, hydroxymate, etc. 64
Conversely, NH3 is representative of ligands with “hard” saturated N donors (e.g.
aliphatic amines), whereas imidazole is representative of “borderline” hard/soft ligands
with unsaturated N donors.64 Consistent with the HSAB principle, Table 2.1 shows that
soft metal ions such Ag(I), Pd(II), Au(I) and Ag(I) tend to form more stable complexes
with ligands containing S donors. In contrast, hard metal ions such Fe(III) and UO 22+
tend to prefer hard ligands with O donors; whereas borderline hard/soft metal ions such
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Table 2.1 Binding constants for selected metal cations with hydroxide, ammonia,
imidazole, and mercaptoethanol complexes in aqueous solution.64
Metal

log K1

log K1

log K1

log K1

Ion

(OH-)

(NH3)

(Imidazole)

(HOCH2CH2S-)

Cu2+

6.3

4.04

4.96

8.1

Ag+

2.0

3.3

3.43

11.34

Au+

2.7

5.6

5.64

18.77

Hg2+

10.6

8.8

8.68

27.21

Mn2+

3.4

1.0

1.04

1.62

Fe3+

11.81

3.8

3.82

8.59

Co2+

3.9

2.1

2.23

3.06

Ni2+

4.1

2.7

2.43

6.65

UO22+

8.2

2.0

1.90

3.42

Pd2+

13.0

9.6

10.14

24.42

Zn2+

5.0

2.21

2.66

3.19
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as Cu(II), Co(II), Ni(II), Zn(II) and Mn(II) can bind with soft/hard ligands containing N,
O and S donors depending on their specific affinity toward the ligands.64,65 Based on this
table the Gx-NH2 PAMAM dendrimers will selectively bind Cu(II) over the first-row
transition metal ions such as Co(II), Ni(II), and U(VI).87 However, in contrast to these
expectations, Ottaviani et al. showed an efficient and selective binding of U(VI) to the
G6-NH2 dendrimer.

Specifically, electron paramagnetic resonance (EPR) studies of

Cu(II) and U(VI) in aqueous solutions of the G6-NH2 PAMAM dendrimer showed that
uranyl ions compex stronger with the amine groups of the PAMAM dendrimer compared
to the copper cations.66 This example suggests that besides ligands preferences, other
parameters such as the solution pH, for example, could influence the complexation
process and should be taken into consideration.
The synthesis of dendrimer-encapsulated metal nanoparticles (DENs) was first
demonstrated by Crooks et al. and Tomalia et al. in 1998. It was suggested that metal
cations partition into the dendrimer interior because of a strong ionic or covalent
interaction with interior amines.67,68 Later studies showed that byproducts of this reaction
can be removed from the solution by dialysis.69 It was suggested that the formation of
metal nanoparticles takes place upon reduction of metal cations mixed with dendrimers.
When the metal particles thus formed are effectively trapped within the interior of the
dendrimer, a subsequent deposition on the support surface can lead to a catalyst with
small (~1 nm) metal nanoparticles.44,60 Monometallic Pt, Ag, Au, Cu, Pd, Rh, Ir, and Ru
nanoparticles have been prepared in solution using this approach.70-72 The formation of
bimetallic systems via this preparation route was also reported.60,73,74 Unfortunately,
recent results indicate that the metal/dendrimer complexation process is not simple and
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straightforward as it was initially anticipated.75,76 For instance, the interaction of some
metal cations with dendrimers depends on the solution pH, while the reduction of the
metal/dendrimer solution may not necessarily lead to the formation of metal
nanoparticles.58,76,77 Finally, the encapsulation of metal cations that have weak affinity to
amines, such as silver for example, in the dendrimer interior is pretty challenging.44,78,79
2.2 Evidence of Complexation of Pd and Pt with dendrimers
Since optical properties of metal nanoparticles are dominated by the collective
oscillation of surface electrons, resulting from their interaction with electromagnetic
radiation, UV-vis spectroscopy was used frequently to characterize metal nanoparticles in
solution.80-82 When a metallic nanoparticle is irradiated by light, the oscillating electric
field causes the surface electrons to oscillate coherently and induces the formation of a
dipole in the nanoparticle.62,83 The collective oscillation of the surface electrons is called
the surface plasmon resonance (SPR) of the particle.84 The wavelength of the plasmon
resonance bands depends on a number of factors, among which the interaction of the
metal nanoparticles with their surroundings is important.
There are many literature examples in which UV-vis spectroscopy is used as a
sufficient technique that provides information for the complexation of metal cations with
functional groups in the dendrimer interior. Fig. 2.1(a) shows an example of such data.
UV-vis spectra characterizing K2PdCl4 in solution display a band at 207 nm and a
shoulder at 235 nm both of which correspond to the PdCl3(H2O)- species. When the G4OH dendrimer was added to this solution, a strong ligand-to-metal charge transfer
(LMCT) band appeared at 224 nm, suggesting the formation of (Pd2+)40/G4-OH due to
covalent bonding between Pd2+ cations and the interior tertiary amines of the dendrimer.
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Figure 2.1 UV-vis spectra of aqueous solutions containing: K2PdCl4, G4-OH(Pd2+)40, and
G4-OH(Pd40) (a) 60 and Time-resolved UV-vis absorbance spectra of G6-OH(Pd147) DEN
solutions. The aqueous DEN solutions were purged with air (b) and H2 (c).75
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60,85,86

When an excess of NaBH4 was added to (Pd2+)40/G4-OH, the solution color turned

from pale yellow to dark brown and the LMCT bands in the UV-vis absorption spectra
disappeared. Based on these two observations, it was concluded that zerovalent Pd DENs
were formed.60 This suggestion was further tested with X-ray photoelectron spectroscopy
(XPS) and spectra collected for (Pd147)/G6-OH treated with NaBH4 indeed showed Pd
3d5/2 and 3d3/2 features at 335.7 and 341.0 eV, respectively, confirming the presence of
zerovalent Pd.75
Exposure to air of the reduced metal/dendrimer solution may lead to reoxidation
of the DENs. In the case of (Pd147)/G6-OH, peaks at 218 and 280 nm emerged in UV-vis
spectra after 1 h of exposure to O2, indicating that partial oxidation of Pd and subsequent
recomplexation of Pd2+ to the interior tertiary amines of the G6-OH dendrimers took
place under these conditions (Fig. 2.1(b)). In contrast, in the presence of a reducing
medium (H2-saturated water) the oxidation of (Pd147)/G6-OH is eliminated, since these
LMCT bands are absent in all the UV-vis spectra (Fig. 2.1(c)).75
Unfortunately, the various preparation steps of DENs are more complex than it
was initially suggested by Crooks et al. and Tomalia et al..67,68 Furthermore, both the
complexation and the reduction processes taking place in solution are subjects for further
investigations.76 For instance, EXAFS data collected for G4-OH(Pt2+)60 indicate that the
PtCl42- complex loses only one chloride ligand upon complexation with the dendrimer.87
Furthermore, NMR data obtained for PtCl42-/G2-OH treated with NaBH4 suggest that the
majority of Pt is present in solution in a cationic form and some of these species are
bound to tertiary and amide nitrogens.69 No significant changes in the UV-vis spectrum
were observed when the (Ir3+)40/G4-OH solution was reduced with NaBH4 and H2. In
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this case, both reduction treatments were further examined using XANES and the data
obtained provide no indications that iridium was reduced using these reducing agents.77
2.3 Complexation kinetics
Data available in literature suggest that cations of most metals do not complex
with dendrimers instantly and UV-vis spectroscopy is used most often to examine the
complexation kinetics.

For instance, Somorjai et al. showed that the complexation

process for RhCl3 with the G4-OH dendrimer is completed only after 18 h, as evidenced
by a lack of changes in UV-vis bands at 200, 226, and 300 nm (Fig. 2.2(a)).88 However,
which of these bands is responsible for the specific Rh-G4OH interactions remains
largely unknown since no specific assignment were provided in this report. Similarly,
UV-vis data reported for RuCl3 and G4OH by Amiridis et al. suggest that approximately
3 days are required to finish the complexation process.89 In addition, the time-dependent
UV-vis spectra of IrCl3·3H2O and G4-OH PAMAM dendrimer solution mixture shows
gradual changes occurring over seven days (Fig. 2.2(b)).77
It is evident that in some specific cases, metal precursors can undergo hydrolysis
and this process could be time dependent as well. If this is a case, UV-vis spectrum will
reflect changes caused by hydrolysis and complexation. Therefore, it is preferable to use
aged precursor solutions (prehydrolyzed) in the complexation process in order to measure
the complexation kinetic more accurately. Crooks et al. examined changes in the UV-vis
spectra during hydrolysis of PtCl42- over time and showed that bands at 215 and 230 nm
characterizing these species decline in intensity for approximately 15 h and remain nearly
constant thereafter (Fig. 2.3(a)). This fact allowed to suggest that the reaction between
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Figure 2.2 UV-vis spectra of aqueous solutions containing (A) RuCl3, (B) RuCl3 and G4OH-PAMAM dendrimer solution immediately after initial mixing, (C) same solution as
(B) maintained under inert atmosphere 3 days after initial mixing (a) and time-dependent
UV-vis spectra for Ir40G4OH (b).77,89
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a)

b)

Figure 2.3 Time dependent UV-vis for: hydrolysis of K2PtCl4, prior mixing with
dendrimer solution (a), increasing values of complexation time of Pt40G4OH (b).90,91
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Pt2+ and G4-OH dendrimer is a two-step process in which PtCl42- first undergoes and then
the hydrolysis product reacts with interior tertiary amines of the dendrimer to form
covalent bonds.90 The signature of the ligand exchange reactions of PtCl42- and its
aquated products with PAMAM is a ligand-to-metal charge transfer (LMCT) absorption
peak at 250 nm.85,87,91 Ploehn et al. examined the complexation reaction of K2PtCl4 with
the G4OH dendrimer using the precursor solution that was aged for at least 1 day and
observed that the height of the LMCT band at 250 nm increased sharply during first
3days but did not approach a steady state even after a 3 months period (Fig. 2.3(b)).91
2.4 Complexation of copper with dendrimers
First reports on dendrimer-encapsulated metal ions were focused on Cu2+ because
changes in UV-vis spectra illustrating the complexation process can be interpreted fairly
easy in this case.44,67 More specifically, in the absence of G4-OH dendrimer, Cu2+ exists
in solution primarily as [Cu(H2O)6]2+, which results in a broad weak absorption band
centered at 810 nm, corresponding to d-d transitions for the Cu2+ (Fig. 2.4(a)). In the
presence of G4-OH PAMAM dendrimers, a strong band at 300 nm appears, while the
absorption band centered at 810 nm shifts to 605 nm, indicating the LMCT transition.44,67
The absorbance at 605 nm increases along with an increase in the Cu2+/G4-OH mol ratio.
From these data it was found that each G4-OH molecule can strongly complex up
to 16 Cu2+ cations (Fig. 2.4(b)).44,67 The reduction of copper/dendrimer composites with
NaBH4 leads to an immediate change in color of the solution from blue to golden
brown.92 TEM micrographs reveal the presence of Cu particles with a diameter < 1.8 nm,
which is much smaller than the 4.5 nm diameter of G4-OH, suggesting Cu particles are
residing in the dendrimer interior.67 In contrast, Cu particles formed after the reduction of
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Figure 2.4 Absorption spectra of CuSO4: in the presence (solid line, curve 3) and in the
absence (dashed line, curve 2) of G4-OH. Curve 1 is the absorption spectrum of G4-OH
vs water 67,99 (a) and as a function of the Cu2+/G4-OH ratio. The inset is a
spectrophotometric titration plot showing absorbance at λmax as a function of number of
Cu2+ ions per G4-OH 44 (b).
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Cu(II)/G4-NH2 PAMAM dendrimer solution, were approximately 4.8 nm in diameter,
suggesting that Cu adsorbed by amine terminal groups aggregates into large particles
outside the dendrimer structure.93
The ability of Cu to complex with various functional groups of the dendrimer is a
subject of a great debate in literature. For example, FTIR spectra showed that after
addition of Cu(II) to a G3-NH2 aqueous solution, the Amide II band at 1543 cm-1
weakened while the C=O stretching mode (Amide I) at 1648 cm-1 shifted to 1637 cm-1,
suggesting that Cu coordinates to nitrogen or oxygen atoms of amide groups. 93 In
contrast, DFT calculations suggest that oxygen atoms in amides have a higher affinity to
protons than nitrogen atoms, suggesting that Cu2+ cations would rather bind to oxygen
than to nitrogen in amides.94-96 Furthermore, computational calculations reported for
complexes of Cu2+ with the G0-NH2 and G0-OH dendrimers showed that Cu2+ cations
prefer forming tetracoordinated complexes in which two tertiary amine groups and the
oxygen sites of the two amide groups are involved.96,97 In addition, the formation of
bidentate complexes with the two amide sites alone is quite possible.96,97

Finally,

EXAFS data suggest that Cu2+ cations can form octahedral complexes involving only the
tertiary amine groups of Gx-NH2 PAMAM at pH 7.0, suggesting that the solution pH can
alter the coordination of Cu2+ cations to the amine/amide functional groups (Fig. 2.5).98
2.5 pH effect on dendrimer protonation
Considerable efforts have been dedicated to understanding the properties of
PAMAM dendrimers in acidic solutions. Dendrimers as weak polyelectrolytes that are
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Figure 2.5 Postulated mechanisms of Cu2+ uptake by Gx-NH2 PAMAAM dendrimers in
aqueous solutions containing NO3- counter ions at room temperature and neutral pH (6.0
< pH < 9.0).100,101

27

only partially ionized so that their charge varies with the solution pH.102-104 For instance,
the acid-base equilibrium in the dendrimer solution follows:
+

↔

where x = 1, 2, or 3 for primary, secondary, or tertiary amines, respectively.105,106
The primary and tertiary amine groups of the dendrimer are characterized by
different pKa values. Primary amines are more basic than the tertiary ones and, therefore,
are characterized by higher

values.107 Protonation mechanisms proposed for Gx-

NH2 PAMAM dendrimers suggest that at pH ~ 7.0 not only primary but some tertiary
amines are also become protonated (Fig. 2.6).108,109

Although theoretically derived

protonation models were used in these reports for the analysis of experimental titration
data, they were not validated by independent experimental measurements and/or
calculations. On the other hand, Diallo et al. determined pKa values for tertiary and
primary amine groups from inflection points of titration curves obtained for solutions of
different dendrimers. For example, pKa values characterizing the tertiary amine groups
in G3-NH2, G4-NH2, and G5-NH2 PAMAM dendrimers were found to be 6.52, 6.85 and
7.16, respectively, consistent with earlier literature reports.109 In contrast, pKa values for
terminal NH2 groups in same dendrimers were found to be 9.90, 10.29, 10.77,
respectively, and these values are for 1–1.5 units larger than those reported
previously.100,108,109
Several attempts were made to understand the dependence of dendrimer structure
on the degree of protonation.110,111 The mean-square radius of gyration (RG2) provides a
quantitative characterization of the dendrimer size.

Significant molecular swelling,

reflected by a significant increase in the radius of gyration RG, has been repeatedly
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Figure 2.6 Proton binding curve for the G4-NH2 dendrimer plotted as the average proton
binding per dendrimer number vs pH. The circles represent experimental data, the solid
line is the best theoretical fit to the experimental data, and the dashed lines are shell-level
binding curves for the outermost shell of 64 primary amine sites; all the inner shells
contain a total of 62 tertiary amine sites.109
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predicted by computational investigations, regardless of the difference in the detailed
simulation algorithm.112,113

However, such swelling behavior was not observed

experimentally since no obvious changes in RG have been reported.114,115 For example,
when a neutral generation 4 (G4) dendrimer is progressively charged to its fully
protonated state, an increase in RG smaller than 4% has been revealed through the
quantitative small angle scattering (SANS) data analysis.110 Despite the similarity in size,
there are dramatic changes in the conformations. For example, the conformation at basic
pH has a “dense core” with maximum density at the dendrimer core and uniform void
spacings, whereas ion pairing (strong intramolecular hydrogen bonding within the
dendrimer-water-counter ion systems) at acidic pH leads to a “dense shell” with
maximum density at the dendrimer periphery but non-uniform void spacings.71,111,115 The
fact that the dendrimer is protonated and has maximum density at the core for basic pH,
suggests that under basic conditions it would be easier for a metal cation to penetrate
through the dendrimer shell and enter its interior.
2.6 pH effect on complexation
Several literature examples demonstrate how the protonation of dendrimers can
have an effect on the metal/dendrimer coordination. For instance, EPR data suggest that
at low pH values, Cu2+ cations compete with protons for binding sites of amine
terminated PAMAM dendrimers. Progressive penetration of Cu2+ ions into the dendrimer
structure occurs with an increase in pH.116,117 Furthermore, the size of the metal
nanoparticles formed strongly depends on the solution pH.94 Fig. 2.7 displays HRTEM
images of Cu/G0-NH2 at various pH values. At pH = 3, the average diameter of Cu
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Figure 2.7 HRTEM images of Cu/G0-NH2 nanoparticles formed upon UV irradiation at
pH = 3.0 (a), pH = 7.8 (b), and pH = 11.0 (c).94
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nanoparticles formed is ~1 nm and the nanoparticles are clearly isolated from each other.
As the solution becomes more basic, the average size of the Cu nanoparticles increases.
At pH = 11, the nanoparticles have an average diameter of ~3 nm, larger than the size of
the G0-NH2 dendrimer itself.94

On the other hand, an average size of Pt/G6-OH

nanoparticles does not depend on the solution pH. For instance, the average diameter of
G6-OH(Pt147) at pH 10 is 1.7 ± 0.4 nm, while at pH 7, the size of the DENs is essentially
the same: 1.8 ± 0.4 nm.118
The

pH-induced

conformational

changes

combined

with

protonation/

deprotonation data suggest that encapsulation/release of metal cations by the dendrimer
in solution can be controlled by pH.42,119 For example, it was shown that when the pH of
Cu(NO3)2/G4-OH solution was increased from 5.0 to 7.0, an almost 50% increase in the
absorbance at 300 nm was observed. These data suggest that the solution pH regulates
the number of Cu2+/dendrimer contacts and, therefore, the number of Cu2+ cations
complexed with tertiary amines of the dendrimer (Fig. 2.8).101 However, the following
decrease in the absorbance observed at pH 9 can be attributed to the low degree of
Cu(NO3)2 ionization in this pH range.102,120
Many literature examples demonstrate that dendrimers are capable of complexing
metal cations even under acidic conditions, when their primary and tertiary amines are
completely protonated. Although it is not clear how the complexation is taking place, a
possible explanation can be that depending on the nature of the metal cations added to the
dendrimer solution at low pH values, the initially protonated tertiary amines can be
partially deprotonated. For example, Balogh et al. carried out potentiometric titrations of
PAMAM-NH2 dendrimers and their Ag+ complexes at two different Ag/dendrimer molar
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Figure 2.8 UV-vis absorbance for different pH values at 300 nm for Cu2+/G4-OH.101
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ratios (Ag+/dendrimer = 30:1 and Ag+/dendrimer = 45:1).121 These authors showed that
the complexation of Ag+ to the PAMAM-NH2 dendrimer induces deprotonation of the
nitrogen binding sites, which is reflected in the different shape of the curves related to
titration of the dendrimer in the absence (circles) and presence (squares and triangles) of
silver ions (Fig. 2.9). Comparison of both titration curves reveals that binding of Ag+
ions to PAMAM-NH2 occurs in the pH range of 2.8-7.
The effectiveness of the complexation process can be expressed by the extent of
binding (EOB) [ i.e., number of moles of bound metal per mole of dendrimer], the
fractional binding (FB) [i.e., % of metal bound to the dendrimers], and the retention (r) of
metal cations, which are given by:

where Mb (mol/L) is the concentration of metal after dialysis (strongly bound to the
dendrimer), M0 (mol/L) is the concentration of metal before dialysis, Ma (mol/L) is the
metal concentration inside the dialyzed solution, and Cd (mole/L) is the concentration of
dendrimer in solution.100,122,123
Literature data available for Pt/G4OH nanocomposites show that the actual
number of Pt atoms strongly bound to G4-OH is less than the nominal (Pt2+)n/G4-OH
ratio. Moreover, for n < 30, 5-10% of Pt remains weakly bound or unbound with G4OH,
while at higher (Pt2+)n/G4-OH ratios (n > 30), the solution contains a significant fraction
of weakly bound or unbound PtCl42- (Fig. 2.10(a)).91 Furthermore, Diallo et al. showed
that both EOB and FB of Cu2+ in aqueous solutions of Gx-NH2 PAMAM dendrimers go
through a maximum as the metal ion loading increases.100,122 Maximum EOB values for
the Gx-NH2 dendrimer (where x = 3 – 8) were observed at pH of 5.9 - 6.1. However, no
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Figure 2.9 Potentiometric titration curves of PAMAM-NH2 (circles), Ag+/PAMAM-NH2
= 30:1 (squares), and Ag+/PAMAM-NH2 = 45:1 systems (triangles).121
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a)

b)

Figure 2.10 Fractional binding of Pt in (Pt2+)n/G4-OH solutions (circles, left axis) as a
function of nominal Pt:G4-OH ratio (n), as calculated from AA results. The actual
number of bound Pt atoms per G4-OH molecule is also plotted (squares, right axis). The
solid diagonal shows the expected trend if all Pt atoms from the precursor were bound 91
(a), Extent of binding and fractional binding of Cu2+ cations in aqueous solutions of
PAMAM dendrimers as a function of metal ion-dendrimer with pH adjustments at room
temperature 45,100 (b).
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binding of Cu2+ cations was observed at lower pH values as the nitrogen binding sites of
the dendrimer become protonated. These results clearly illustrate the effect of metal iondendrimer loading on EOB. As this loading increases, the number of Cu2+ cations
available for binding increase. However, the number of nitrogen binding sites decrease
as they become protonated. The net result of these two opposing effects is that the EOB,
of Cu2+ cations, goes to a maximum in aqueous solutions of PAMAM dendrimers as
copper-dendrimer loading increases.122
Increasing the metal-ion/dendrimer solution pH is possible to lead to an increase
of the EOB of the metal cations, which can be attributed to the low extent of protonation
of the dendrimer amine groups. For instance, by adjusting the pH of the Cu 2+/PAMAM
dendrimer solution to 9.0 (Fig. 2.10(b)), the EOB of Cu2+ increases linearly with
increasing metal ion-dendrimer ratio and 100% of the Cu2+ cations are bound to the
dendrimer. A more complex metal cation uptake behavior is observed at pH = 7.0. In
this case, the EOB of Cu2+ in aqueous solutions of the Gx-NH2 PAMAM dendrimers goes
through a series of two distinct binding steps as metal ion-dendrimer loading
increases.45,100 Moreover, the EOB of Ag(I), Fe(III) with G4-NH2 PAMAM dendrimers
for different metal ion-dendrimer loading is maximum for pH 11 and 7, respectively (Fig.
2.11).65 The same trend is followed by the Co(II)/G4-NH2 and Ni(II)/G4.5(COONa)
solutions, since their EOB is maximized at pH 11 and 9, respectively.65
However, there are some metals capable of interacting strongly with dendrimers
even under acidic conditions. For example, Schuster et al. observed, for acidic pH,
significant binding of Hg(II) to water-soluble benzyolthiourea modified PAMAM
(BTUPAMAM) dendrimers (Fig. 2.12(a)).123 Moreover, Diallo et al. showed that at pH 3
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a)

b)

Figure 2.11 Extent of binding of Ag(I) (a) and Fe(III) (b) in aqueous solutions of
PAMAM-NH2 dendrimer at room temperature as a function of solution pH and metal ion
dendrimer loading.45,55,65
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a)

b)

Figure 2.12 Retention profiles of Hg(II), Cu(II), Co(II) (a) and Cu(II), Ni(II), Zn(II) and
Pb(II) (b) as a function of pH (polymer: benzoylthiourea modified PAMAM
dendrimer).123
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U(VI) strongly bound to the G4-NH2 PAMAM dendrimer (with FB ~ 76-87%) even
though its tertiary and primary amine groups are fully protonated. This strongly suggests
that the complexation of Hg(II) and U(VI) by BTUPAMAM and G4-NH2 PAMAM
dendrimers, respectively, under acidic conditions involves the deprotonation step which
is followed by coordination of metal cations.55,123 The FB of U(VI) to the G4-NH2
PAMAM dendrimer at pH 3.0 is slightly lower than at pH 7.0, which is attributed to a
slight decrease in the number of available coordination sites due to the expansion of the
fully protonated PAMAM dendrimer in aqueous solution at pH 3.0. This hypothesis is
consistent with studies of the conformation of a G4-NH2 PAMAM dendrimer in aqueous
solutions, showing a 4% increase of the dendrimer radius of gyration (RG) in aqueous
solutions at pH ~ 4.5.45,55
While mercury and uranyl are strongly bound to the PAMAM dendrimers and can
be retained quantitatively even in a strongly acidic media, the complexation of Co(II),
Cu(II), Hg(II), Ni(II), Pb(II) and Zn(II) metal cations depends on the pH of the solution.
Based on the retention curves shown in Fig. 2.12(b) Cu(II) can be completely retained at
pH ≥ 4. In contrast to Cu(II) and Hg(II), nickel, lead, and zinc are not bound below pH 4
but are almost completely retained at pH > 7. Moreover, a distinct retention profile was
observed for cobalt. At least 50% of Co(II) is bound to the dendritic complexing agent
over the entire pH range. In solutions with pH > 7, the amount of metal cations retained
by the membrane is increased up to 90%.123
Despite the fact that Ag(I), Fe(II), Co(II), Ni(II), Hg(II), and U(VI) can be
retained inside the dendrimer solution in the specific pH range, there is no information
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available in the literature specifying what functional groups of the dendrimer interact
with these metal cations.
2.7 Formation of metal nanoparticles in solution
Several experimental facts are believed to show the formation of metal
nanoparticles in solution. For instance, a color change of the G4-OH-Pt(II) complex
solution after reduction with NaBH4 to dark yellow considered to be an indication of the
formation of Pt0 nanoparticles (~1.5 nm).69,85,87 XPS of the DENs deposited onto Au,
showed that prior the solution reduction the Pt(4f7/2) and Pt(4f5/2) peaks are present at
72.8 and 75.7 eV, respectively, but after reduction they shift to 71.3 and 74.4 eV,
respectively, which is consistent with the change in oxidation state from +2 to 0.87 In
contrast, XANES and EXAFS data collected for G4OH-(Pt2+)40 and G4OH-(Pt4+)40
aqueous solutions treated with NaBH4, showed that when NaBH4 was used as the
reducing agent, the local environment of Pt in the final solution was nearly identical to
that in the starting solution before exposure to the reducing agent.124 Treatment with H2
of G4OH-(Pt4+)40 showed a relatively small Pt-Pt contribution with a coordination
number of 1.3, which is increased to 2.6 after 48 h reduction in H2.124 On the other hand,
Crooks et al. used EXAFS on reduced with H2 G6-OH(Pt100) and G6-OH(Pt200) solutions
of wet DENs for 20 h, showed no changes in the Pt-Pt CN, indicating that no further
reduction occurs for these DENs in the presence of an aqueous solution saturated with
H2.90 The reduction of wet and dry samples of G6-OH(Pt2+)n DENs with NaBH4 showed
that only 14% of the total number of encapsulated Pt2+ ions are reduced during the
preparation of G6-OH(Pt55) DENs.90
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Furthermore, XPS data of dendrimer encapsulated Rh30 nanoparticles (reduction
with NaBH4) showed that only 56% Rh was metallic. The remaining portion of Rh was
oxidized due to air exposure during the preparation of the sample for XPS measurements
and/or incomplete reduction of RhCl3 during the synthesis.88 This is consistent with Rh
K-edge XANES data (Fig. 2.13), indicating that the white line area decreased only
slightly after the treatment with NaBH4 and suggesting that the clusters formed in the
Rh/G4-OH solution incorporate Rh in a cationic form.88
There some indications in literature that reduction of Cu2+/G3-NH2 solution can
lead to the formation of Cu nanoparticles. For example, the Cu2+/G3-NH2 solution color
changed immediately upon reduction from pink or blue to golden brown and the broad
absorption band centered at 535 nm was replaced by a monotonically increasing spectrum
of nearly exponential slope towards shorter wavelengths.93 Similarly, a golden brown
solution was formed upon reduction of DAB-Amn-Cu(II)x (where n = 4 – 64 and x = n/2)
with NaBH4.

UV-vis spectra further suggest that the reduction process goes to a

completion in this case because the characteristic d – d band of Cu(II) species typically
observed at 630 nm disappeared from the spectrum.125 Moreover, similarities between
EXAFS spectra of the reduced DAB-Amn-Cu(II)x complexes and that of the copper foil
demonstrate the existence of metallic Cu(0) domains in the reduced DAB-Amn-Cu(0)cluster
(Fig. 2.14).125 Unfortunately, this study does not reveal any information concerning the
oxidation state of Cu(II) in solution. Based on these observations it can be noted that
there is no detailed information regarding the reduction of copper cations in the presence
of PAMAM dendrimers or other nanoparticle stabilizer in solution.
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Figure 2.13 XANES spectra of (1) RhCl3 in aqueous solution, (2) (Rh3+)20/G4-OH in
aqueous solution, and (3) (Rh3+)20/G4-OH treated with NaBH4 in aqueous solution.70
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Figure 2.14 EXAFS spectra of the reduced DAB-Amn-Cu(II)x (n = 4 to 64, x = n/2)
complexes and Cu foil.125
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2.8 Ag Monometallic Dendrimer Stabilized Nanoparticles
Colloidal silver has attracted considerable attention because of potential
applications

in

areas

such

as

photography,

biological

labeling,

photonics,

nanoelectronics, optical filter, surface-enhanced Raman scattering (SERS) detections, and
catalysis.80,126 More than 700 tons of silver are used annually in the world for the
oxidation of methanol to formaldehyde and ethylene to ethylene oxide because both of
these products are essential to the plastic industry.80,127,128 Since the catalytic activity of
metal nanoparticles depends greatly on their dimensions, it is essential to develop a
preparation method that yields silver nanoparticles with well-controlled sizes and shapes.
2.8.1 Chemical Reduction Methods
The most common method of producing silver nanoparticles (Ag NPs) is the
chemical reduction method, which involves the use of a soluble silver salt, a stabilizer,
such as polymers, and a reducing agent, such as NaBH4, citrate, glucose, hydrazine, or
ascorbic acid.38,129,130 The reducing ability of the reducing agent determines the kinetics
of the formation of these nanoparticles.

For instance, strong reductants (e.g.,

borohydride, hydrazine) can lead to small, somewhat monodisperse particles, while the
nanoparticles obtained by reduction with weaker reducing agents (e.g., citrate,
irradiation) tend to be more polydispersed in size.131-133 Martínez-Castañón et al. using a
template less chemical reduction method, synthesized micro-sized silver particles with a
wide particle distribution (1.5μm – 15μm) and with polyhedron and dendritic
morphologies, by simply changing the amount of ascorbic acid added to the reaction.129
Aqueous solutions of sodium borohydrite and silver nitrate are used most often to
form silver nanoparticles in solution. Hydrogen gas is produced by the reduction of
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silver ions (Eq. 1) as well as the slow reduction of water by sodium borohydrite at room
temperature (Eq. 2).134,135
(Eq. 1)
(Eq. 2)
To avoid the oxidation of borohydrite at room temperature (Eq. 2), sodium borohydrite
solution must be freshly prepared. Purging the solution with an inert gas, such as
nitrogen, is the commonly used method of minimizing oxygen in the solution.134
Unfortunately, the size and shape of Ag NPs that are synthesized by the chemical
reduction method is not always reproducible. Moreover, the reducing agents that are
used for the synthesis of silver nanoparticles are often associated with environmental
toxicity or biological hazards.133 Therefore, it desirable to develop green synthetic routes
for silver nanoparticles using extracts of bio-organisms as capping and/or reducing agents
(e.g, polysaccharides, polyphenols, tollens agent, irradiation, biological reduction, and
polyoxometalate). However, understanding the mechanism by which these biomolecules
could be involved in the synthesis is lacking.80,136
2.8.2 Polymers as silver nanoparticle stabilizers
An attractive alternative is to generate metal nanoparticles by utilizing reagents
which can act both as reducing and stabilizing agents. Shumaker-Parry et al. examined
the synthesis of AgNPs using poly(allylamine) (PAAm) as a stabilizing and reducing
agent, so that additional reducing agents can be avoided from the system. TEM analysis
confirmed the formation of nanoparticles with an average diameter 4.4 ± 0.9 nm.137
Recent studies have shown that polyethylene glycol (PEG) can act both as the stabilizer
and the reducing agent for silver nanoparticles through the oxidation of hydroxyl groups
46

of PEG to aldehyde groups (CH2CH2OH→CH2CHO). However, this method leads to
relative large silver nanoparticles with sizes in the 4 – 20 nm range.138 It was also
suggested that PVP promotes the nucleation of metallic silver because silver ions can be
reduced by the lone pair of electrons which is present on both nitrogen and oxygen atoms
in the PVP molecule.139-141 Meanwhile, the particles prepared by this method are usually
irregular in shape (e.g. spheres, dendrites, nanoprisms) and their size would be larger than
20 nm.126,142,143
2.8.2.1 Dendrimers as silver nanoparticle stabilizers
Recently, dendrimer templating synthesis of silver nanoparticles has been
developed because of dendrimer’s unique structures, properties and their ability to
complex a great variety of ions in their interior.144 Unfortunately, the size of the silver
nanoparticles obtained via this route was larger than 10 nm, much larger than the
dendrimer itself, indicating that silver nanoparticles are not formed inside the
dendrimers.145 For example, Kakkar et al. suggested that the terminal hydroxyl groups of
the 3,5-dihydroxybenzyl alcohol (DHBA)-based dendrimers can reduce the silver cations,
leading to the formation of > 15 nm silver nanoparticles in solution.146 Furthermore, Sun
et al. reported the formation of ~ 10 nm silver nanoparticles by direct heating of
AgNO3/G3-PPI aqueous solution in a microwave oven.147 Finally, silver nanoparticles
with 26 nm diameter were synthesized by a heat treatment of a third-generation
poly(propyleneimine) dendrimer AgNO3/G3-PPI without using an additional reducing
agents.148
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2.8.2.1.1 PAMAM Dendrimers as silver nanoparticle stabilizers
The morphology of silver nanoparticles in solution depends on the stabilizer that
is used (Fig. 2.15).126 For instance, the morphology of PVP protected silver reduced with
H2 was found to be dendritic (Fig. 2.15(a)), while discrete Ag nanoparticles were
obtained when G1.5 PAMAM was added as a co-protective agent in the Ag/PVP solution
(Fig. 2.15(b)). When only G1.5 PAMAM dendrimer was used as a protective agent (Fig.
2.15(c)), the mean diameter of silver nanoparticles was determined to be 7.85 nm, much
larger than the diameter of the G1.5 PAMAM dendrimer.126 Moreover, when a small
silver/dendrimer ratio is used, small Ag nanoparticles can be formed is solution. This
observation was regarded as an indication for the formation of Ag nanoparticles in the
dendrimer interior.

A characteristic example is the formation of small silver

nanoparticles (0.48 – 2.3 nm), when Ag/G5-OH solution was reduced using ultraviolet
irradiation. The Ag nanoparticles formed were evidently much smaller than the diameter
of the G5-OH dendrimer (4.5nm).149 Furthermore, relatively small Ag nanoparticles
(3.96 nm) have been synthesized using a 1,8-naphthalimide-labelled PAMAM dendrimer
(PAMAM-N), which is a non-commercially available derivative of PAMAM
dendrimers.150 Unfortunately, there are no experimental data confirming the formation of
Ag/dendrimer complexes in solution.
While dendrimers cannot complex silver nanoparticles, they are capable of
stabilizing silver colloids.151 For example, Prasad et al. reported the preparation 20 nm
silver nanoparticles by amine terminated PAMAM dendrimers in the absence of reducing
agents.152

Furthermore, Esumi et al. reported the preparation of 5.6 – 7.5 nm

silver/dendrimer nanocomposites in aqueous solutions containing G3-5 PAMAM-NH2
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a)

b)

c)

Figure 2.15 The TEM micrographs of Ag nanoparticles when the molar ratios of PVP,
G1.5 PAMAM dendrimer and AgNO3 was 2:0:1 (a), 1:1:1 (b) and 0:1:2 (c),
respectively.126
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dendrimers. In the latter example, the solution was reduced with NaBH4 and the result
suggest that the use of a reducing agent may lead to the formation of smaller Ag
nanoparticles.153
In order to avoid a possible complexation of silver cations with the terminal
functional groups of the dendrimer, Malý et al. selected PAMAM-OH dendrimers as a
model system, since their motivation was to form nanoparticles inside the polymeric
shell.

Silver dendrimer nanocomposites were synthesized by mixing (G5-7)-OH

PAMAM dendrimers with AgNO3 followed by reduction with NaBH4. The UV-vis
spectra of the PAMAM-OH G7 dendrimer after the addition of several different
concentrations of Ag+ showed that a novel peak emerged at λmax ≈ 410 nm, indicating the
formation of silver nanoparticles.71

TEM images of Ag-dendrimer nanocomposites

(DNCs) showed individually resolved and homogeneously distributed Ag nanoparticles
which differ in the average diameter (3.12 – 7.58 nm) depending on the Ag+/dendrimer
ratio and the generation of dendrimer used.71 Finally, silver nanoparticles (~15 nm)
larger than the diameter of the dendrimer (~2.5 nm) were formed, when Ag/G1.0(OH)16
nanocomposites were treated with NaBH4 or hydrazine in solution.154
Another indication that Ag cannot complex with dendrimers is the fact that Ag
nanoparticles aggregate to larger particles, especially when the silver concentration in the
solution is increased.78,155 The formation of Ag NPs is typically confirmed by UV-vis or
TEM data.156 For example, Imae et al. synthesized Ag/G4-NH2 nanocomposites with
average Ag particle sizes in the 6.2 – 12.2 nm range, depending on the silver/dendrimer
ratio used. The wide nanoparticle distribution combined with the fact that the particle
size obtained was larger than the diameter of G4-NH2 indicate that the silver
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nanoparticles were not formed within the dendrimer interior.61 Furthermore, Fig. 2.16
shows that the intensity of UV-vis spectra at 433 nm was increased for 8 h, indicating the
formation and growth of Ag nanoparticles in solution. XPS measurements showed that
Ag was fully reduced inside the solution.74

Furthermore, when the molar ratio of

Ag/dendrimer was decreased from 30 to 10, the average particle diameters were
increased from 1.4 to 7.1 nm.74
2.8.2.1.2 Intradendrimer Displacement Reactions
Although it is not possible to prepare Ag particles inside Gn-OH dendrimers by
direct loading of metal cations into the dendrimer interior, stable Ag DENs can be
prepared by a metal displacement reaction, which is a more challenging synthetic
procedure (Fig. 2.17).44,60,78 In this approach, DENs prepared from a particular metal,
such as Cu, can be exchanged with another metal, such as Ag, Au, Pt, Pd as long as the
latter is a stronger oxidizing agent than the former (Table 2.2).60,78

The standard

reduction potential Eor is measured under standard conditions (i.e., 250C, 1 atm pressure,
solutes at a concentration of 1 M) and is defined relative to a standard hydrogen electrode
with a potential of zero volts.157,158
2H+ (1 M) + 2e- → H2 (g, 1 atm)

(Eq. 3)

Redox reactions can be divided into a reduction half-reaction and an oxidation
half-reaction. If the redox potential is positive, the reaction proceeds spontaneously as
written, while if the potential is negative, then the reverse reaction is spontaneous. For
instance, the redox potential for the Cu(s) + 2Ag+(aq) → Cu2+(aq) + 2Ag(s) reaction is equal
to Eor = 0.80 – 0.34 = 0.46 V, indicating that the reaction proceeds spontaneously as
written.157
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Table 2.2 Standard Reduction Potentials at 25 oC.

Weaker
reducing agent

Reduction Half – React

Eor (V)

Au3+ + 3e- → Au

1.50

Stronger

Pt2+ + 2e- → Pt

1.12

oxidizing agent

Pd2+ + 2e- → Pd

0.95

Ag+(aq) + e- → Ag(s)

0.80

Fe3+(aq) + e- → Fe2+(aq)

0.77

Cu2+(aq) + 2e- → Cu(s)

0.34

2H+(aq) + 2e- → H2(g)

0

Stronger

Ni2+(aq) + 2e- → Ni(s)

-0.25

Weaker

reducing agent

Zn2+(aq) + 2e- → Zn(s)

-0.76

oxidizing agent
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Figure 2.16 UV-vis absorption spectra of AgNO3/ HPAMAM-N(CH3)2 mixture (N/Ag =
15) at the different reaction time. Inserts: relationship between reaction time and the
corresponding intensity of the plasmon peaks; TEM images of corresponding
nanoparticles after one month.74
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Figure 2.17 (a) Absorption spectra of aqueous Cu(NO3)2 in the presence of G6-OH before
(pH 7.7, spectrum 1; pH 3.0, spectrum 2) and after (pH 7.5, spectrum 3) reduction with
excess of BH4-. (b) Absorption spectra after addition of AgNO3 to G6-OH(Cu55)
(spectrum 2, pH 3.0; spectrum 3, pH 7.5). Spectrum 4 was obtained 1 h after reduction
with BH4- of Ag+/G6-OH. The inset in (b) shows spectra obtained at different time after
the displacement reaction (solid line, 10 min; dashed, 18 h).78
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By using the intradendrimer exchange method, stable and small (~2 nm) Au
nanoparticles can be prepared by the Cu exchange reaction:
2Au3+ + 3Cu0 ↔ 2Au0 + 3Cu2+
An initially blue solution of Cu2+/G5-OH turns brown after addition of NaBH4, indicating
the formation of Cu clusters.159 This process must be carried out under N2 in order to
avoid the oxidation of copper inside the solution.160

Furthermore, intradendrimer

displacement reactions have been carried out for the Pt-Au system. When HAuCl4 is
added to an aqueous solution of (Cu55)/G6-OH at pH 3, a new broad absorption feature
which corresponds to the plasmon resonance absorption of Au appears at ~520 nm.
When the pH of this solution is increased to 7.5, a new band centered at 290 nm appears.
This feature arises from the Cu2+/dendrimer LMCT transition and therefore confirms the
presence of both Au and Cu2+ within the dendrimer.78

XPS data also confirm

intradendrimer replacement of Cu by Pt: the Cu(2p) peaks originally present disappear,
and new Pt(4f) peaks at 71.5 and 75.2 eV appear. HRTEM indicated that the average
diameters for the Au and Pt nanoparticles are 2.3 ± 0.3 and 1.4 ± 0.2 nm, respectively.78
Silver DENs have also been synthesized using and intradendrimer displacement
reactions. The procedure initially involves the formation of (Cu2+)55/G6-OH under inert
atmosphere, followed by adjustment of the solution pH to 7.5, in order to maximize the
amount of copper cations complexed with the dendrimer (Fig. 2.17(a)). When Ag+ is
added to (Cu55)/G6-OH solution (pH 3.0), a new absorption band centered at 400 nm
appears (Fig. 2.17(b)), which corresponds to the plasmon resonance of Ag nanoparticles.
When the pH of the solution is adjusted to 7.5, the Ag plasmon peak does not change
much but a new peak at 300 nm appears, indicating that at pH 7.5 Cu2+ resides within the
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dendrimer. Thus, both the metallic Ag nanoparticles and the Cu2+ ions generated by the
displacement reaction are present within dendrimers simultaneously. Ag is considered to
be a stronger oxidizing agent compared to Cu (Table 2.2), that makes Ag+ cations capable
of oxidizing Cu0 nanoparticles to Cu2+ while at the same time Ag+ cations are reduced to
Ag0. This displacement method can be used to prepare other types of noble metal
particles, such as Au, Pt, and Pd, because the standard potentials (E0) of the
corresponding half reactions are more positive than those for the Cu2+/Cu(s) system.
Finally, Ag nanoparticles synthesized by primary displacement of dendrimerencapsulated Cu nanoparticles can themselves be displaced to yield Au, Pt, or Pd
nanoparticles by secondary displacement reactions.78
High-resolution transmission electron microscopy (HRTEM) indicates that Ag
particles in the resulting (Ag110)/G6-OH DENs have an average diameter of 1.7 ± 0.4 nm,
which is bigger than the calculated value of 1.5 nm.78,161 This inconsistency between the
observed and calculated values may be due to agglomeration of Ag particles on the Cu
TEM grid.

XPS data collected for these samples indicate that after exposure of

(Cu55)/G6-OH to Ag+ at pH 3.0, Cu(2p) peaks are absent but two new Ag peaks appear at
367.9 eV (3d5/2) and 373.9 eV (3d3/2). Taken together, these results confirm that the
displacement of Cu by Ag is nearly complete.78
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CHAPTER 3
SYNTHESIS OF BIMETALLIC DENDRIMER-DERIVED NANOCOMPOSITES IN
SOLUTION

Nanoparticles composed of two different metals are of greater interest than
monometallic ones because their catalytic properties could be completely different from
those of monometallic counterparts.43,162 For example, Fig. 3.1 shows that the bimetallic
Pt16Au16/SiO2 catalyst is more active in CO oxidation than corresponding monometallic
catalysts.163 In spite of the commercial importance of bimetallic catalysts, their active
sites or phases often are not well defined and understood.57 In general, monodisperse
stable bimetallic DENs can be synthesized by co-complexation, sequential loading, and
partial displacement techniques.44,57,62
3.1 Co-complexation Method
In the co-complexation synthesis, both metal precursors are introduced into the
PAMAM dendrimer solution simultaneously. After the completion step is completed,
the solution is typically treated with a reducing agent to form reduced metal
nanoparticles (MA0MB0). Co-complexation has been used to prepare a variety of
bimetallic DENs (Figure 3.2), including PdPt
AuAg

171,172

, PdCu

173,174

, FePt

175

, NiSn

164-166

176

, PdRh

, AuNi

166,167

177,178

, PdAu

, PtRu

180

168-170

, PtAu

, AgCu

180

.

169

,

In

preparations of G4NH2-(PdPt) and G4NH2-(PdRh) DENs, the primary amine groups of
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Figure 3.1 CO oxidation catalysis by silica supported Pt32, Au32, Pt16Au16, and Pt32+Au32
NPs. Rate is reported as moles CO converted per total moles Pt per minute; Au32, the rate
is in moles CO converted per total mole Au per minute.163
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Figure 3.2 Co-complexation synthesis.62
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dendrimer were protonated by adjusting the solution pH to 3 prior the addition of the
metal precursors.167,181,182 When the complexation step was completed (76 and 24 h for
G4NH2-(PdPt) and G4NH2-(PdRh), respectively), solutions were treated with NaBH4.
PdPt DENs thus formed were found to be nearly uniform with spherical shape of metal
particles having an average diameter of 2.5 nm, which is smaller than the diameter of the
G4-OH dendrimer (4.5 nm).166 Furthermore, Pt-Ru/SiO2 catalysts prepared by the cocomplexation method was found to be much more active for the liquid-phase
hydrogenation of 3,4-epoxy-1-butene (EpB) than a conventional catalyst with a similar
composition.179
The UV-vis spectroscopy has been used in preparations of bimetallic systems to
monitor the complexation process. For example, the characteristic SPR bands at 214 and
208 nm for monometallic PtCl42- and PdCl42-, respectively, disappeared after the addition
of G4OH and a new band emerged at 230 nm, indicating that both metal cations are
complexed with the internal functional groups of the dendrimer.165,181 After reduction of
the complexed bimetallic solution with NaBH4, the band at 230 nm completely
disappeared and a new broad absorption band appears over a wide range of wavelength
regardless of the Pt/Pd ratio used.181 The spectra of the resulting nanoparticles were
found to be different not only from those of the monometallic Pt or Pd nanoparticles but
also from those characterizing their physical mixtures, which can be attributed to the
change in the dielectric function caused by mixing atoms of two different metals.183
Furthermore, the energy dispersive spectroscopy (EDS) analysis of two individual
nanoparticles indicated that the atom %’s of Pd and Pt were in a good agreement with the
mol %’s of PdCl42- and PtCl42- used in the original synthesis mixture. The single-particle
EDS measurements suggested that bimetallic nanoparticles (rather than physical mixtures
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of monometallic nanoparticles) are present within the dendrimer.164 Finally, Crooks et
al. proved the formation of bimetallic G4NH2(Pd27.5Au27.5) nanoparticles using EDS as
well, showing an average composition of 48 ± 3% Pd and 52 ± 3% Au, which is in
agreement with the molar percentages of PdCl42- and AuCl4- used in the original mixture
(50% each).8
Unfortunately, UV-vis spectroscopy cannot always provide accurate information
concerning the formation and structure of bimetallic nanoparticles. Alloying or the
formation of core-shell type particles is expected to cause a shift of the surface plasmon
resonance band. In the case of Au-Pt/G5.5COOH prepared by co-complexation, the shift
for the gold plasmon band was not observed, although XPS data indicated that bimetallic
particles are formed.169 Specifically, small shoulders due to oxidized gold (84.5 and 89
eV) were observed and these shoulders declined in intensity after the addition of
platinum while bands corresponding to the oxidized Pt species appeared in spectra. This
observation showed that Au atoms withdrew some electrons from platinum atoms,
suggesting that gold and platinum are not separated but coexist in one metal particle.
However the structure of bimetallic particles such as core-shell, random uniform alloy,
reverse core-shell, and mosaic structure, etc., cannot be determined from these results.169
When metal precursors are introduced simultaneously to the dendrimer, they
compete with each other for binding sites. It is feasible that the most reactive complex
will occupy the majority of available sites. It is possible to control this process by adding
the less reactive complex first. This method was employed for preparations of PtCu
DENs.

In this case, PtCl4- was allowed to interact with G5OH for 2 days before

Cu(NO3)2 was added since Cu2+ binds to this dendrimer in a matter of minutes. The pH
of the Pt2+ solution was adjusted to 7 before the addition of the second metal.184 The
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same procedure was followed for the preparation of PdCu DENs.174 The DEN precursor
solutions exhibit strong absorptions bands at ~230 and 290 nm and an isosbestic point at
261 nm.

These peaks arise from ligand-to-metal charge-transfer (LMCT) bands

associated with the dendrimer/metal-ion complexes.174

The reduction of the metal-

cation/dendrimer precursor complex with BH4- yields DENs with diameters of metal
particles in the range of 1.2 – 1.3 nm. The coordination environments of these two
metals were measured by EXAFS and the formation of an alloy structure was
confirmed.174
3.2 Sequential Loading
This method involves the initial complexation and reduction of a “seed” metal
(MA), followed by the complexation and subsequent reduction of the second metal (MB)
to produce the MAMB bimetallic system (Fig. 3.3). In general, the sequential loading of
metals is desirable for the preparation of bimetallic DENs with core/shell structures.57,62
Several bimetallic DENs have been prepared via this route, including AuAg
[Au](Pd)

185-187

, [Pd](Au)

185,186

, [Au](Ag)

172

171,172

,

and [AuAg](Au).172 The prominent band

at 221 nm is present in UV-vis spectra of G6-OH(Pd2+)n (n = 29, 60, 73, 87, and 118)
prior to addition of Au3+ which can be assigned to a ligand-to-metal charge transfer
(LMCT) between interior amines of the dendrimer and Pd2+ cations. It was not possible
to obtain reliable UV-vis spectra of the dendrimer composite with both PdCl42- and
AuCl4-, because hydroxyl groups on the surface of the dendrimer reduce the Au complex.
UV-vis spectra of the DENs obtained after the complexation and reduction with BH4-,
showed that in all cases, the absorbance increases as the wavelength decreases, which is
consistent with the presence of nanoscale particles. Additionally, the LMCT band at 221
nm is absent, indicating essentially complete reduction of the Pd complex.170 EXAFS
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Figure 3.3 Sequential loading method.62
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data collected for PdAu DENs suggest that more Pd atoms reside on the surface of metal
particles than it would be anticipated for a random alloy. This means that the PdAu
DENs are quasi-random alloys with a Au-rich core and a Pd-rich shell.170 TEM images
showed sizes of metal particles of 1.4 ± 0.3 nm for G6-OH(Pd118Au29), 1.5 ± 0.2 nm for
G6-OH(Pd73Au73), and 1.5 ± 0.3 nm for all of the other PdAu DENs.170 Since peripheral
hydroxyl groups in this dendrimer have the sufficient reducing power to convert AuCl4to zerovalent Au, a quaternized PAMAM dendrimer (G6-Q116) can be used for the
preparation of Pd/Au bimetallic dendrimer encapsulated nanoparticles.

A HRTEM

micrograph of G6-Q116(Pd75Au75) showed that particles have an average size of 1.8 ± 0.4
nm.186
The UV-vis spectra of G6-OH[Pd55]( Au255) with G6-OH(Au310) and the cocomplexation product G6-OH(Pd55Au255) are compared in Fig. 3.4.

The plasmon

shoulder of the G6-OH[Pd55](Au255) solution is red shifted by ~10 nm as compared to
that characterizing the G6-OH(Au310) solution. This small shift is due to a difference in
the composition and structure of these two DECs. The more important result in Fig. 3.4,
however, is the absence of a plasmon shoulder arising from the co-complexation product
G6-OH(Pd55Au255). This result clearly indicates that there are major differences between
the two types of DECs, and it is believed these differences provide strong evidence for
geometrically well-defined core/shell structures arising from the sequential-loading
method while alloy-like structures result from the co-complexation method.186
The preparation of bimetallic DENs is more challenging than the preparation of
the monometallic ones, because the complexation time and the pH conditions, under
which the metal/dendrimer complexation is favored, can be different between the two
metals. To successfully encapsulate both metal cations within the dendrimer interior,
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Figure 3.4 UV-vis spectra of solutions of G6-OH[Pd55](Au255), prepared by the
sequential-loading method, and G6-OH(Au310) and G6-OH(Pd55Au255) prepared by the
co-complexation method.186
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their complexation time and the solution pH should be taken into consideration. For
example, Ploehn et al., reported the synthesis of (Pt2+)20(Ru3+)20/G4-OH bimetallic DENs
by adding K2PtCl4 to the G4-OH aqueous solution. The pH of the (Pt2+)20/G4-OH
solution decreased from 6.5 to 2.7, after 3 days of complexation. After 7 days of
complexation and before the addition of the second metal, the solution pH was adjusted
to 7.0 because tertiary amines are protonated at pH < 5 (pKa ~ 6.5), preventing ligand
exchange reactions between metal cations and G4-OH. The addition of RuCl3 to the
aqueous solution of (Pt2+)20/G4-OH yields (Pt2+)20(Ru3+)20/G4-OH.
UV-vis spectra of (Pt2+)20(Ru3+)20/G4-OH solutions which were obtained with
and without pH adjustments prior to the addition of RuCl3 are shown in Fig. 3.5. When
no pH adjustments were used (Fig. 3.5, curve 2), a distinct peak around 311 nm emerged
in the spectrum of (Pt2+)20(Ru3+)20/G4-OH, which is similar to that typically observed for
RuCl3 in pure water. This implies that Ru3+ has preferentially complexed with water
rather than G4-OH at low solution pH probably because of the protonation of amine and
amide groups of the PAMAM dendrimer. The absence of the 311 nm peak in the case of
the pH-adjusted (Pt2+)20(Ru3+)20/G4-OH solution (Fig. 3.5, curve 1) indicates that Ru3+
has complexed with (Pt2+)20/G4-OH to form (Pt2+)20(Ru3+)20/G4-OH.188
3.3 Partial Displacement
Preparations of bimetallic nanoparticles by conducting partial displacement
reactions are desirable when the metal precursor has a potential to react with reduced
atoms of the other metal (Fig. 3.6). It was suggested that when less than a stoichiometric
amount of Ag+, Au3+, Pd2+, or Pt2+ is added to a G6-OH(Cun) solution, or if less than a
stoichiometric amount of Au3+, Pd3+, or Pt2+ is added to a G6-OH(Ag2n) solution,
bimetallic AgCu, AuCu, AuAg, PdCu, PdAg, PtCu, and PtAg particles should be formed.
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Figure 3.5 UV-visible absorption spectra of: (Pt2+)20(Ru3+)20/G4-OH complex solutions
with (1), without (2) adjusting the pH of (Pt2+)20/G4-OH solution to 7.0 before the
addition of RuCl3.188
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Figure 3.6 Partial Displacement Synthesis.62

68

44,57,78

Unfortunately, only the preparation of PdAu has been reported in literature. This

preparation involves the synthesis of G5-OH(Cu)40 DENs followed by reduction with
NaBH4. The solution pH was adjusted to 3 to hydrolyze excess NaBH4 and then returned
to pH 7. Appropriate volumes of K2PtCl4 and HAuCl4 were degassed separately, mixed,
and immediately added to the G5-OH(Cu)40 solution. The Cu0 DENs then act as the
reducing agent for both Pt and Au, yielding bimetallic G5-OH(PtAu) nanoparticles. The
formation of metal particles with wide particle size distributions is the general
disadvantage of this preparation method.57,189
3.4 Preparation of Ag-Bimetallic nanoparticles in solution
AuAg alloy structures were synthesized by the co-complexation method in which
both metals were loaded into the dendrimer and simultaneously reduced with NaBH4.
The sequential loading method was used to synthesize core/shell materials having either
Ag or Au shells. In all cases, the resulting bimetallic nanoparticles were < 3 nm in
diameter.172 The UV-vis spectra of the bimetallic AuAg/G6-OH system, which was
synthesized via the simultaneous addition of HAuCl4 and AgNO3 to the dendrimer
solution, suggest that AuAg alloys exhibit a single peak. This peak shifts from that of
pure Au (~530 nm) to that of pure Ag (~400 nm) as the Ag/Au molar ratio in the
nanoparticles is increased (Fig. 3.7(a)).172 Esumi et al. observed the same trend in the
UV-vis spectra of the AuAg/G5-COOH system prepared by co-complexation.171
However, as Ag is deposited onto the Au seed, two plasmon bands appear. For example,
in the spectrum of G6-OH[Au55](Ag95) there is a narrow band corresponding to the Ag
shell at 410 nm and a broader plasmon band at 510 nm arising from the Au core (Fig.
3.7(b)).172

For the largest core/shell structure, G6-OH[Au55](Ag450), the absorption

spectrum is similar to that of pure Ag since only a single peak is present. TEM images
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a)

b)

Figure 3.7 UV-vis spectra of: AuAg/G5-COOH with [metal ion]:[terminal group] = 1:10
(a) and G6-OH(Au55) seeds and the G6-OH[Au55](Agn) (n = 95, 254, 450) series of
core/shell bimetallic nanoparticles.171,172
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show that for G6-OH[Au55](Agn), when n = 0, 95, 254, and 450, the size of metal
particles is 1.4 ± 0.2, 1.6 ± 0.3, 1.9 ± 0.3, and 2.4 ± 0.3 nm, respectively.172
Luo et al. reported the synthesis of G5.0-NH2-templated Ag-Cu nanoparticles by
co-complexation followed by reduction with NaBH4 or N2H4·H2O.180 The diameter of
Ag-Cu bimetallic nanoparticles was found to be 5.6 ± 0.4nm, a little larger than that of
the G5.0-NH2 PAMAM dendrimer (5.4nm).

This comparison suggests that the

dendrimer acted as an outer template for the formation of metal clusters.174 Under the
same experimental conditions but with NaBH4 as the reducing agent, rod-shaped Ag-Cu
bimetallic nanoclusters were obtained (Fig. 3.8). The average diameter and length of
these rod-shaped nanoclusters were 7.1nm and 0.5μm, respectively.180 Such different
shapes of the metal cluster were likely caused by the differences in the reduction rate of
metal ions with NaBH4 and N2H4.H2O.180
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Figure 3.8 TEM of Ag-Cu bimetallic nanoclusters prepared by the reduction with NaBH4
(a) and N2H4.H2O (b) in the presence of G5.0-NH2 PAMAM dendrimers with Ag/Cu
ratio of 1.5:1.5.180
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CHAPTER 4
DEPOSITION AND ACTIVATION OF DENDRIMER-DERIVED METAL
NANOPARTICLES

4.1 Deposition of metal-dendrimer nanocomposites onto solid supports
While complexation and reduction steps involved in preparations of DENs are
complex, most methods which can be used for deposition of DENs onto surfaces of
porous support are rather straightforward. Techniques, such as the deposition of empty
dendrimers onto supports followed by the complexation of metal precursors to form
dendrimer-metal complexes have been reported in literature.190 Wetness impregnation
methods can be used to deposit DENs onto a variety of porous oxide supports, although
this often requires concentrating DENs solutions to the point when the dendrimer
agglomeration may become problematic.8,44 In wet impregnation, the support is added to
a metal/dendrimer solution and the metal precursor is either adsorbed spontaneously on
the support or precipitated after changes in the solution pH are made. To overcome large
volumes of an aqueous waste that are involved in the wet impregnation method, the
incipient wetness impregnation can be used. In this preparation, a solution of the active
precursor is added to the dry support powder until all pores of the support are filled with
liquid.66 At neutral or basic pH the dendrimer surface groups as well as the oxide
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surfaces are negatively changed, making it unlikely that dendrimer-support interactions
drive the adsorption.191

For instance, bimetallic DENs prepared from hydroxyl-

terminated PAMAM dendrimers can be deposited by “slow adsorption” techniques, in
which DENs are stirred with an oxide support at appropriate pH.162,163
Wet impregnation requires evaporation of the solvent, resulting to an increase in
the metal/dendrimer nanoparticles concentration in solution, while low dendrimer
concentrations can be maintained during a sol-gel synthesis, minimizing the possibility of
particle agglomeration in solution.168,192,193 Crooks et al. reported the synthesis of Au
and Pd DENs using the wet impregnation and sol-gel chemistry. When these techniques
were used to prepare Au and Pd DENs on the titania support, an average size of DENs
formed was in the 1.7 -2 nm range. However, when these samples were calcined at
500C to remove the dendrimer component, an average size of metal particles was
increased to 7.2 nm in the case of the sample prepared by wet impregnation while in the
case of the sole-gel synthesis only a slight increase in the nanoparticle size to 2. 7 nm
was observed.193

Finally, it has been reported that sonication can be used for

immobilization of Pd, PdAu, Rh, and Pt DENs onto the SBA-15 mesoporous silica
support.88,194 In this case, however, it is not clear if metal nanoparticles were formed
after the sonication step or sonication simply assisted in the deposition of metaldendrimer nanocomposites, which already contained metal particles.
4.2 Activation of Dendrimer-Derived Catalyst and Dendrimer Thermal Removal
After the deposition of the dendrimer-encapsulated nanoparticles on the support,
the dendrimer component must be removed in order to render metal particles and make
them accessible to reactants.195-197

Several studies have shown that the PAMAM
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dendrimer backbone is relatively unstable and undergoes decomposition at temperatures
as low as 75oC.193,198,199 The specific activation conditions required for each individual
catalyst would likely depend on the metal, the support, the metal loading, the dendrimer
loading, and metal/dendrimer ratios, suggesting that it may be necessary to optimize
activation conditions for each individual catalyst. Using treatment temperatures at or near
300 oC, supported Pt 196,198,199, Pt-Au 163, Pt-Cu 184, and Ru 89,200 nanoparticles have been
prepared. Zaera et al. showed that oxygen treatments are in general more effective than
hydrogen treatments for exposing the surface of metal particles to reactants. 201
Furthermore, Amiridis et al. reported that the treatment of Rh20-G4OH/ZrO2 with an
O2/He mixture at 425 oC for 1 h followed by H2 at 300 oC for 1 h removes the dendrimer
component and reduces Rh to the metallic state, as evidenced by Rh K-edge XANES
data.70 Moreover, Williams et al. suggested that the dendrimer thermal decomposition
under oxygen and hydrogen was more complete than in He in the case of Ir/γ-Al2O3.77 It
was also shown that supported G5-OH(Pt16Au16) can be “activated” by heating under
oxidizing (O2) and/or reducing (H2) atmospheres.163
However, when severe treatment conditions are used, there is a risk of metal
sintering.200,202,203, For instance, while thermogravimetric analysis (TGA) data indicate
that the organic matter can be completely removed from Pd and Au DENs immobilized
onto TiO2 at 500oC, there is a 40% and 80 % increase in the size of Au and Pd particles,
respectively.193 Furthermore, EXAFS data showed that treatments of G4OH-(Pt4+)40/γAl2O3 in a 10% O2/He mixture at 400oC for 2 h followed by reduction in H2 at 300 oC led
to an increase in the Pt-Pt first-shell coordination number from 5.6 to 11.2.124
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4.3 Activation of Dendrimer-Derived Catalyst and Dendrimer Removal (Plasma)
The sintering of the metal nanoparticles during the dendrimer removal step is a
major challenge which remains to be solved for the successful application of this
synthetic route. Alternative dendrimer removal techniques have to be taken into account
to minimize or decrease the sintering of metal nanoparticles. The plasma treatment could
be just one out of many possibilities. The basic principle of the plasma process is the use
high-energy particles from a weakly ionized plasma source to bombard the surface. 204-206
One of the advantages of plasma is that it can be operated at relatively low temperatures
without damaging the substrate.205,207,208

The bulk properties of materials typically

remain unchanged during the process of plasma treatment. The plasma treatment is
frequently used to clean and modify the surfaces of materials, including polymers,
platinum, graphite, glassy carbon, carbon black, and glass.209-211 For instance, it has been
reported in literature that the thickness of polymer films deposited on aluminum
substrates decreased when exposed to a highly dissociated oxygen plasma.212
Furthermore, XPS analysis of ZrO2 powders impregnated with Ni(NO3)2 showed that
Ni(NO3)2 decomposed into oxides under Ar plasma treatment (Fig. 4.1).

More

specifically, a N1s peak at 406.8 eV from NO3- appeared before the Ar plasma treatment
but disappeared after that. After the Ar plasma treatment, the Ni2p peak of Ni(NO3)2 at
856.6 eV, shifted to 855.2 eV due to the formation of NiO and Ni(OH)2 species.213
The time consumption for the process depends on the type of plasma used.214 It
has been reported that for short time periods (< 4 min), Ar+ plasma essentially eliminates
any detectable background organic contaminations from Ag nanorod substrates and did
not change substantially their morphology. However, upon longer exposure times (> 10
min) to the Ar+ plasma, distinct morphological changes on the aligned Ag nanorod arrays
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Figure 4.1 XPS spectra of untreated/plasma-treated Ni(NO3)2/ZrO2 (5 wt % NiO).213
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were observed.215 Baker et al. found that RF (radio frequency) discharge in argonoxygen mixtures was more effective at removing organic contamination from copper and
aluminum than the nonreactive plasma.216 Unfortunately, when oxygen plasma treatment
applied to gold surfaces containing monolayers of hexadecanethiolate, generated a
heavily contaminated surface with highly oxidized sulfur species, while hydrogen plasma
was able to remove self-assembled monolayers.217 Moreover, oxygen plasma, can cause
silver surfaces to oxidize and thus argon plasma is required to remove the silver oxide.218
In order to prevent damages to the surface by plasma ions, a careful consideration
of the plasma source energy range is required. For instance, alumina losses all its surface
area when passed through plasmas that are too ‘hot’.219 Moreover, Ar gas plasma
process applied for the removal of antitarnish layers on the Ag and Cu surfaces for short
process time (RF = 100 W for 10 s) did not cause a significant change in either the Ag or
Cu surface in terms of the surface morphology, while the treatment with high power and
long treatment time (RF = 600 W for 30 s) made the surfaces slightly smoother. The
plasma cleaning process with RF = 600 W for 30 s was able to remove the antirarnish
layers from both the Ag and Cu surfaces. However, in this case cross-contamination
between the Ag and Cu surfaces was detected.220
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CHAPTER 5
PREPARATION AND QUANTITATIVE ANALYSIS OF PAMAM-STABILIZED
METAL NANOCOMPOSITES IN AQUEOUS SOLUTION: EFFECT OF DIALYSIS
AND PH ADJUSTMENT
5.1 Introduction
Catalysis is a surface phenomenon which involves only metal atoms exposed on
the surface of metal particles. Tiny metal particles are shown to exhibit properties which
are significantly different from those of bulk metals. Gold particles provide the best
example to illustrate this point. For example, while large gold particles are completely
inert for many reactions, gold particles with sizes below 3 nm are very active for CO
oxidation.221-223

In general, metal particles with sizes in the nanometer range have

higher dispersion and hence provide larger amount of active sites on which the reaction
can occur.224 The concentration of low coordinated sites, such as steps and kinks, is
relative abundant in nanomaterials and these sites usually provide low activation barriers
for the adsorption of reactants.66,225,226
Conventional catalyst preparation techniques involve impregnation of metal salts
(wet impregnation, incipient wetness) followed by thermal treatments and often result in
wide size distributions of metal particles.227 When used for preparations of bimetallic
systems, these traditional techniques yield catalysts containing both monometallic and
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bimetallic particles with varying compositions. The use of well-defined organometallic
cluster complexes as precursors helps to overcome these problems.228 Molecular cluster
complexes typically have well-defined structures that can be retained throughout catalyst
preparation steps.229 Unfortunately, limited number of such compounds is commercially
available. Furthermore, the advantage of their structural uniformity can be lost after the
activation step on which different treatments at elevated temperatures are used to remove
ligands.57

The synthesis of colloidal metal nanoparticles has made it possible to

synthesize monodisperse and nearly uniform metal nanoparticles with dimensions in the
1-10 nm range.230-232

These colloidal nanoparticles can be used as heterogeneous

catalysts in the same way as molecular clusters.1,202,203

Their preparation process

involves the reduction of metal salts in the presence of stabilizers and the following
immobilization of the colloidal solution onto the surface of a porous oxide support.233-235
Among such stabilizers, Poly(amidoamine) (PAMAM) dendrimers have recently
attracted a lot of attention because these macromolecules offer a variety of functional
groups and have interior voids which can be used to trap and protect metal nanoparticles
in solution until they are delivered to a support.8,70,233

These features offer an

opportunity to control the architecture and the size of metal nanoparticles in solution and
maximize the uniformity of active metal sites in supported catalytic materials. While the
synthesis of metal-dendrimer nanocomposites incorporating noble metals has been
reported in literature, a limited number of reports describing the preparation of such
nanocomposites from base metals is available.91 Furthermore, little is known about the
complexation of the base metal cations with PAMAM dendrimers, the strength of metaldendrimer interactions, and how these interactions can be effected by preparation
conditions.75
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Despite the advantages of using dendrimers as nanoparticle stabilizers, the uptake
of metal cations Mn+, where Mn+ = Cu(II), Fe(III), Au(III), Ni(II), Co(II), Mn(II), Zn(II)
and Ag(I), by dendrimers with non-complexing terminal groups, such as PAMAM-OH,
is still not well understood. From a more fundamental point of view, little is known of
the effects of dendrimer tertiary amine/amide and terminal groups’ chemistry on the
metal cation binding capacity and selectivity of PAMAM dendrimers in aqueous
solutions.236 Moreover, it has been reported in literature that although it is not possible to
prepare Ag particles inside PAMAM-OH dendrimer by direct reduction of interior
cations, stable dendrimer-encapsulated Ag particles can be prepared by a metal
displacement reaction.78,236

In this approach, dendrimer encapsulated nanoparticles

(DENs) prepared from a particular metal such as Cu, can be exchanged with Ag as long
as the latter metal is more noble than the former. Thus, key unanswered questions are
whether the attainment of the Cu0-Ag+ displacement reaction depends on the solution pH
and the successful reduction of Cu2+ cations inside the dendrimer solution.
This research project is dedicated to a systematic investigation of the evidence of
metal cation/dendrimer complexation, the determination of the complexation time, as
well as the effects of metal cation acidity, the solution pH and metal cation/dendrimer
loading on the extent of binding (EOB) and fractional binding (FB) of metal cations Mn+
to EDA core, fourth generation hydroxyl terminated PAMAM dendrimers (G4OH).
Furthermore, we will focus on the Cu0-Ag+ intradendrimer displacement reactions
followed by variations of the solution pH at different stages of the preparation procedure,
with an overall goal to gain a better understanding of the intradendrimer displacement
reaction preparation technique. The following specific objectives are proposed for this
project:
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1. Determination of the complexation time of the Mn+/G4OH system and effect of the
metal cation concentration on the Mn+/G4OH complexation time.

The

complexation step involves interactions between the metal cations and the tertiary
amine and amide groups of the dendrimer, which will be monitored in the present
work by using UV-vis spectroscopy. Data available in literature suggest that
cations of most metals do not complex with dendrimers instantly and UV-vis
spectroscopy is used most often to examine the complexation kinetics.88
Therefore, the UV-vis absorbance of the band that is responsible for the specific
Mn+/G4OH interaction will be

recorded over time in order to establish the

optimal time for the completion of the Mn+/G4OH complexation reaction.
Finally, the effect of Mn+/G4OH concentration on the complexation time will be
addressed

by

changing

the

metal-to-dendrimer

ratios,

followed

by

characterization by UV-vis spectroscopy.
2. Investigation of the strength/weakness of the metal cation - G4OH interaction.
To achieve this goal, Mn+/G4OH solutions with different molar ratios will be
prepared, complexed at the appropriate amount of time and their solution pH will
be recorded. The Mn+/G4OH solutions will be subsequently dialyzed using
benzoylated cellulose tubing to remove the uncomplexed metal cations. The
percentage of the metal cations retained inside the dialysis sack over the initial
amount of Mn+ used (Fractional Binding - FB), as well as the experimentally
obtained Mn+/G4OH molar ratio (Extent of Binding – EOB) will be evaluated as a
function of dialysis time. Both FB and EOB will give us an indication of the
strength of Mn+/G4OH interaction. The concentration of Mn+ cations retained
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inside the dialyzed solution will be measured using Atomic Absorption
Spectroscopy (AAS).
3. Significance of interior functional groups of the G4OH dendrimer in the
complexation process. In order to address this goal the EOB of G4OH-(Mn+)30
will be compared with the corresponding EOB of G4NH2-(Mn+)30 solutions after
1 day of dialysis.

Comparing the EOB of metal cations with dendrimers

containing complexing and non-complexing terminal groups, such as G4NH2 and
G4OH, respectively, will give us an indicating for the degree of participation of
the interior functional groups of the dendrimer in the complexation process.
4. Determination of the stage throughout the DENs preparation procedure that
dialysis should be applied. It has been reported in literature that dialysis can be
applied prior or after treatment with NaBH4 of the Mn+/G4OH complexed
solutions.88,189 In order to determine when it is most appropriate to perform the
dialysis step, G4OH-(Mn+)30 solutions will be prepared for Ag+, Co2+, Ni2+, Cu2+,
and Mn2+ and dialyzed before the performance of the reduction step. The
obtained FB will be compared with the FB of the reduced solution, undergoing
dialysis for the same period of time. This data will allow us to understand
whether the dialysis procedure should be applied prior or after treatment with
NaBH4 of the Mn+/G4OH solutions.
5. Analysis of the effect of pH on the ability of G4OH dendrimers to complex with
metal cations in aqueous solution.

In order to investigate the effect of

concentration of metal cations on the binding ability of G4OH dendrimer, the pH
of Cu2+/G4OH and Fe3+/G4OH solutions will be fixed to 6.1 and 7.0,
respectively, for varying metal/dendrimer molar ratios. The resulting solutions
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will be dialyzed and the EOB/FB of Cu2+, Fe3+/G4OH with and without pH
adjustments will be compared. It is expected, that increase in the solution pH will
increase the amount of available binding sites in the interior of the dendrimer
(deprotonation), leading to subsequent increase of the metal cation uptake by
G4OH dendrimers.
6. Fundamental understanding of the Cu0-Ag+ intradendrimer displacement
reactions. In order to achieve this goal Cu2+/G4OH solutions with different
molar ratios will be prepared, followed by appropriate pH adjustments and
treatment with NaBH4, in order to obtain (ideally) reduced G4OH-(Cu0)
nanocomposites. After the completion of the reduction step, Ag+ cations will be
added in the G4OH-(Cu0) solution.

Assuming that the intradendrimer

displacement reactions are taking place, Ag, being nobler than Cu, will be
capable of displacing it.

The resulting solutions will be dialyzed and the

concentration of Ag and Cu will be recorded (AAS) as a function of dialysis time.
Finally, the influence of the initially used Cu2+/G4OH molar ratio as well as the
amount of Ag+ added in the solution on the experimentally obtained Ag+/G4OH
molar ratio, will be examined systematically.
5.2 Experimental
5.2.1 Reagents and materials
Hydroxyl- and amine-terminated poly(amidoamine) (PAMAM) dendrimers
(generation 4, denoted as G4OH and G4NH2, 10 wt% in methanol), were purchased from
Dendritech and Aldrich, respectively. Prior to use, the methanol solvent was removed
under the flow of UHP N2 (National Welders) at room temperature and 0.42 mM G4OH
and 0.18mM G4NH2 stock solutions were prepared in DI water.
84

AgNO3 (99+%),

Co(NO3)2·6H2O (98%), Ni(NO3)2·6H2O (99.999%), Mn(NO3)2·4H2O (≥ 97%), and
NaBH4

(99%)

were

purchased

from

Aldrich,

Zn(NO3)2·6H2O

(98+%)

and

Fe(NO3)3·9H2O (98+%) from Strem Chemicals, and HAuCl4·3H2O (≥ 49%),
Cu(NO3)2·3H2O (98-102%) from Alfa Aesar and used as received. Furthermore, NaOH
(1 N) and HCl (≥ 36.5-38%) were purchased from Reagents, Inc. and BDH Aristar,
respectively, and HNO3 (69-70%), CaCl2·2H2O (≥ 99%) from EMD Chemicals. A
“benzoylated” tubing (Aldrich D7884), which is capable of retaining solutes with
molecular weights greater than 2000 Da, was used for purification of samples by dialysis.
Prior to use, the dialysis tubing was soaked for several hours in deionized (DI) water. All
water was deionized to a resistivity of ≥ 17.5 MΩ-cm using a Nanopure system
(Barnstead).
5.2.2 UV-vis spectroscopy
UV-vis absorption measurements were carried out at room temperature using a
Shimadzu UV 2010 spectrophotometer and quartz cells with the 10 mm path length. An
identical cell filled with deionized water was used as the background.
5.2.3 Atomic Absorption Spectroscopy (AAS)
AAS was used (PerkinElmer AAnalyst 400) to quantify concentrations of Ag, Cu,
Fe, Au, Co, Ni, Zn, and Mn in liquid samples. Calibration standards were made from
1.0g/L metal stock solutions purchased from EMD Chemicals (Ni), J. T. Baker (Ag, Cu,
Zn), VWR (Mn), Ricca Chemicals (Fe), LabGuard® (Co) and Aldrich (Au).

The

calibration standards were verified by the use of an independent check standard (J. T.
Baker) diluted with 2% (v/v) HNO3 for all the elements except Ag and Au for which
independent check standards were purchased from Ultra Scientific and EMD Chemicals,
respectively, and diluted with 5% (v/v) HNO3. Since silver and gold are light sensitive,
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their solutions were stored in amber glass volumetric flasks. The samples and the
standard solutions of Ag and Au were diluted with 5% HNO3 and 5% HCl, respectively,
to keep the element in solution. 0.2% CaCl2 was added to Mn and Fe samples and
standards in order to overcome the depression due to silicon. Finally, Cu, Ni, Zn samples
were diluted with deionized water. Samples were diluted to concentrations that fall in
the analytical range up to 5, 1.6, 3, 5, 1, 4, 0.75, 0.6 mg/L, for Ag, Cu, Fe, Au, Co, Ni, Zn
and Mn, respectively.
5.2.4 Sample Preparation
Our

sample

preparation

procedures

generally

follow

those

published

previously.69,85,87 We mixed the stock G4OH solution with an appropriate amount of
3.74 mM Cu(NO3)2, 2.91 mM CuCl2, 3.5 mM Ni(NO3)2, 3.4 mM Co(NO3)2, 2.5 mM
Fe(NO3)3, 8.1 mM Mn(NO3)2, 6.8 mM Zn(NO3)2, 1.4 mM HAuCl4 or 58.9 mM AgNO3
to produce solutions containing fixed amounts of metal cations· (i.e., 1.6·10-2 mmol Cu2+
(from Cu(NO3)2), 1.2·10-2 mmol Cu2+ (from CuCl2), 1.5·10-2 mmol Ni2+, 1.5·10-2 mmol
Co2+, 7·10-3 mmol Fe3+, 3.06·10-2 mmol Mn2+, 2.7·10-2 mmol Zn2+, 7·10-3 mmol Au3+
and 3.14 mmol Ag+) and having Metal/G4OH ratios between 0.5 and 80. Solutions of
Au, Ag and Co were thoroughly stirred and stored in darkness. Moreover, G4OH(Au3+)n solution was stirred for 1 h without taking into consideration the fact that HAuCl4
can be auto-reduced by the dendrimer.160,186,237 The pH of these solutions was measured
and the metal/dendrimer complexation was monitored by UV– vis measurements. The
amount of G4OH, used for the preparation of the metal/dendrimer solutions, depends on
the desired metal/dendrimer ratio. Specifically, in order to prepare Fe3+/G4OH solution
with molar ratios 0.5, 2, 5, 10, 20, 30, 60 and 80, the concentration of G4OH in the final
Fe3+/G4OH solution was 0.39, 0.31, 0.23, 0.16, 0.1, 0.07, 0.04 and 0.03 mM,
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respectively. The concentration of G4OH used for the preparation of solutions with
different metal cations can be found in Table 5.1.
In some experiments, G4OH-(Mn+)x solutions were dialyzed using benzoylated
cellulose tubing to remove uncomplexed metal cations or impurities. It was shown
previously that the benzoylated tubing retains G4OH and G4OH-(Mn+)x through
exhaustive dialysis experiments.238 In our standard dialysis protocol, 15 mL of sample
was placed in a soaked and pre-washed dialysis tubing. The water bath (~2 L DI water)
was continuously stirred and changed at least 10 times over 24 h.

The precursor

concentrations (mM) and volumes (mL) used for the dialysis and pH adjustments
experiments are shown in Table 5.2. For instance, the Fe3+/G4-OH dialyzed solutions
were 0.46 mM in Fe3+, prepared using 2.8 mL from the 2.5 mM Fe(NO3)3 precursor
stock solution (Table 5.2).
5.3 Results and discussion
5.3.1 Quantitative analysis of Cu-PAMAM ligand exchange reaction: Time, pH and
concentration effects
The structure of copper(II)-dendrimer complexes have been studied extensively
both experimentally and computationally.56,67,68

Turro et al. showed using electron

paramagnetic resonance (EPR) spectroscopy that the structure of Cu(II) complexes with
NH2-terminated dendrimers depends on the Cu(II) concentration and the solution
pH.116,117 Gentle et al. and Diallo et al. suggested that copper(II) ions are capable of
complexing with primary and tertiary amines, as well as with amides of NH2-terminated
G4 dendrimers on the basis of EXAFS data.95,100 Although, there is plenty of literature
available regarding the complexation of Cu(II) with amine terminated PAMAM
dendrimers, limited information is provided for the complexation of Cu(II) with hydroxyl
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Table 5.1 Concentration of G4OH (mM*10) used for preparations of Mm+/G4OH
solutions with various ratios (pH and UV-vis measurements (1st row), dialysis and pH
adjustment experiments (2nd row)).
Molar ratio
0.5

2

5

10

3.9

3.1

2.3

1.6

13

16

20

30

1.0
0.23

40

60

80

0.7

0.4

0.3

0.15

0.08

0.06

Metal Cation

Fe

3+

2.3
2.6

1.7

1.1

0.4

0.2

0.45

0.18

0.09

0.03

0.015

4.0

3.4

2.7

2.0

1.7

1.5

1.3

0.68

1.0

4.0

1.0

0.4

0.2

0.15

0.12

0.1

0.07

9.5

2.4

0.47

0.36

0.30

0.24

0.16

0.008

3+

Au

2+

Cu (Cu(NO3)2)

Cu2+(CuCl2)

Zn

3.7

3.2

1.5

0.9

1.8

0.7

0.1

0.06

4.19

4.06

3.5

2.9

4.19

0.419

0.07

0.035

3.8

3.3

1.6

1.0

0.5

0.2

0.033

0.017

3.4

2.6

2+

Ag+

Mn2+

4.0

1.3

1.2

0.9

0.7

0.5

Co2+
0.2
3.4

2.6

1.7

0.68

0.04
1.9

1.2

0.9

0.02
0.7

0.5

Ni2+
0.11

88

0.06

Table 5.2 Precursor concentrations (mM) and volumes (mL) used for the dialysis and pH
adjustments experiments.

Metal Cation

Concentration of
metal cation (mM)
Stock precursor
solution (mL)

Cu2+

Cu2+

(Cu(NO3)2

(CuCl2)

0.09

0.2

0.95

0.8

Fe3+

Au3+

0.46

2.8
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Zn2+

Ag+

Ni2+

Mn2+

Co2+

0.2

0.36

0.21

0.34

0.1

0.34

1

0.79

0.05

1.46

0.19

1.7

terminated commercially available PAMAM dendrimers.
5.3.1.1 Evidence of G4OH-(Cu2+)n complexation
In aqueous solutions Cu2+ exists primarily as [Cu(H2O)6]2+, which gives rise to a
broad, weak absorption band centered at 800 nm (Fig. 5.1). PAMAM dendrimers do not
have prominent absorbance in the 200 – 800 nm region because of the aliphatic nature of
their molecular backbone.239 The addition of ligands to Cu2+ leads to the formation of
complexes by the successive displacement of water molecules. These Cu2+ complexes
typically have d-d transitions in a tetragonally distorted octahedral or square-planar
ligand fields.44,56,67 In the presence of G4OH, λmax for d-d transitions shifts to 605 nm
(Fig. 5.1).

In addition, a strong band assigned to a ligand-to-metal-charge-transfer

(LMCT) emerges at 300 nm.44,55,67 Same experiments carried out by Crooks et al. with
the CuSO4 precursor confirmed our observations.67 Literature data suggest that bands
characterizing Cu2+-G4OH complexes (i.e., at 300 nm and 605 nm) decline in intensity
with decreasing pH, indicating that the complexation process in this case is pH
dependent. More specifically, when the solution pH was adjusted to 3.0, these two bands
essentially disappeared and a broad weak band from [Cu(H2O)6]2+ species appeared at
approximately 800 nm.56
5.3.1.2 Complexation kinetics – Determination of complexation time and effect of Cu2+
concentration on complexation time (UV-vis spectroscopy)
To determine which parameters have an effect on the Cu2+-G4OH complexation,
samples of G4OH-(Cu2+)n (where n = 0.5, 2, 5, 10, 13, 16, 20 and 60) were prepared. In
all these preparations, the amount of Cu2+ used was fixed to 1.6·10-2 mmol but the
amount of G4OH was varied depending on the required Cu/G4OH molar ratio. All
samples were stirred for the extended period of time. Aliquots (2.6 ml) of each solution
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Figure 5.1 UV-vis spectra of G4OH-(Cu2+)13 solution after 30min of complexation.
Aliquots of the solution (2.22 mM Cu2+) were diluted by a factor of 16 immediately prior
to UV-vis measurements.

91

were taken at different periods of time, diluted by a factor of 16, and examined by UVvis. The results shown in (Fig. 5.2(a)) indicate that the absorbance of these samples at
605 nm after 5 days of complexation was exactly the same as the one obtained after 30
min of complexation. This result suggests that the complexation of Cu2+ with G4OH was
completed roughly after approximately 30 min. The data shown in Figs. 5.2 a and b
further suggest that the maximum Cu2+/G4OH ratio that can be obtained at pH 5.8 is
equal to 13.106 Similar experiments with the same dendrimer and CuSO4 conducted by
Crooks et al. suggest that the maximum Cu2+/G4OH ratio is approximately 16.67
Spectroscopic results available in literature for amine-terminated PAMAM dendrimers
(G4-NH2) suggest that each dendrimer can absorb at most 36 Cu2+ cations most of which
are bound to terminal amine groups.67
5.3.1.3 The effect of dialysis on Fractional Binding (FB) and Extent of Binding (EOB)
Fig. 5.3(a) shows that FB of Cu(II) in aqueous solutions of G4-OH PAMAM
dendrimers increases until G4OH-(Cu2+)10 is reached and then gradually declines. The
FB values characterizing G4OH-(Cu2+)n solutions for n = 13, 16, 20 and 30 after 24 h of
dialysis are 50.6, 49.8, 40.1, and 22.2 %, respectively, indicating that the FB of Cu
decreases for n ≥ 10. For n = 10 and pH = 6.1, the data show that only ~ 16% of Cu is
dialyzed from the Cu2+/G4OH solution, which is an indication that 16% of Cu is weakly
bound or unbound with the G4OH dendrimer. For n > 10, the solution pH drops below
6.1 and the data show a significant decrease in FB of Cu. This result can be explained by
protonation of tertiary amines in the dendrimer interior (pKa = 6.3 – 6.7).108,149
To gain insights into the relationship between EOB, Cu(II)-dendrimer loading,
and dendrimer protonation, the pH of each equilibrated copper-dendrimer aqueous
solution was also measured. Fig. 5.3(b) shows the effect of metal ion-dendrimer loading
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Figure 5.2 a) Absorbance of G4OH-(Cu2+)x complex at 605 nm (n = 0.5, 2, 5, 10, 13, 16,
20 and 60) as a function of the complexation time and Cu2+/G4-OH theoretical ratio. b)
The solution pH as a function of the theoretical Cu2+/G4-OH ratio.
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Figure 5.3 Theoretical Cu to G4-OH ratio and the solution pH as a function of the
Fractional Binding (a) and Extent of Binding (b) after 24h dialysis. The red and blue
curves correspond to the Cu/G4OH ratio and the solution pH, respectively.
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on EOB. As this loading increases, the number of Cu(II) cations available for binding
increase.

However, the number of nitrogen binding sites decrease as they become

protonated. The net result of these two opposing effects is that the EOB of Cu(II) cations
goes to a maximum in aqueous solutions of G4OH dendrimers as copper-dendrimer
loading increases.122 The maximum EOB is 8 and is observed for G4OH-(Cu2+)13 and at
pH ~ 5.8.
5.3.1.4 Comparison of the EOB of G4OH-(Cu2+)n composites for Cu(NO3)2 and CuCl2
In order to investigate the effect of the copper precursor on the complexation
process, G4OH-(Cu2+)n (where n = 2, 10, 13, 16, 20, 30 and 60) solutions were prepared
using a stock solution containing 2.91 mM CuCl2. These solutions were dialyzed for 24
h and their EOB was compared with the corresponding EOB for Cu2+/G4OH solutions
prepared from Cu(NO3)2. Fig. 5.4 illustrates that theoretical and experimental EOB
values are consistent with each other only for Cu to dendrimer ratios up to 5. However,
at higher ratios, theoretical and experimental values differ substantially. For example, for
the calculated metal/dendrimer ratio of 13, the experimental EOB values were found to
be 8 and 4.6 for Cu(NO3)2 and CuCl2, respectively, indicating that the uptake of Cu2+ by
the dendrimer is higher in the former case.
Experiments with CuCl2 and the G4-NH2 PAMAM dendrimer described in
literature showed that for G4NH2-(Cu2+)18 the EOB was 13, which is ~ 28% lower than
the initial loading but still is much higher than the 38.5 and 64.6% decrease in EOB
observed for G4OH-(Cu2+)13 using Cu(NO3)2 and CuCl2, respectively. The enhanced
complexation of Cu2+ to G4NH2 dendrimers is attributed to the complexation of copper
cations to the primary amines of the dendrimer.122
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Figure 5.4 Extent of Binding [EOB] of Cu(NO3)2 and CuCl2 to G4-OH PAMAM
dendrimers after 24 h dialysis without pH adjustments.
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5.3.1.5 Effect of pH adjustments on the EOB of G4OH-(Cu2+)n composites
Diallo et al.122 and Crooks et al.99 have reported measurements of the EOB of
Cu(II) in aqueous solution of EDA core PAMAM amine terminated dendrimers.
However, the pH of the Cu(II)-dendrimer solutions was not controlled in both of these
reports. In a later report, Diallo et al. suggested that approximately 95-100% of Cu(II)
can be retained by the dendrimer when a significant fraction of amine groups is
unprotonated at pH 7.0 and pH 9.0.100 Unfortunately, there is no such data available for
G4OH dendrimer.
Fig. 5.5 illustrates the effect of metal ion-dendrimer loading and the solution pH
on the EOB of Cu(II) in aqueous solutions of G4OH dendrimers. In these experiments,
the Cu(II)-dendrimer molar ratio was varied from 13 to 60 but the solution pH was
adjusted to 6.1 in all experiments, since at this pH the maximum FB of Cu2+ to G4OH
was observed. At pH 6.1, the EOB of Cu(II) increases almost linearly with increasing
the metal ion-dendrimer loading. When the pH of the G4OH-(Cu2+)30 and G4OH(Cu2+)60 solutions was adjusted to 6.1, the EOB values were increased for 43 and 72%,
respectively, as compared to those in experiments without pH adjustments. However,
while pH adjustments improve EOB values, the difference between calculated and
experimental EOB values remains substantial.
5.3.2 Quantitative analysis of Fe-PAMAM ligand exchange reactions: Time, pH and
concentration effects
The mechanistic details and kinetics of the Fe3+/G4OH complexation have not
received sufficient attention in literature, and so we do not fully understand how the
PAMAM dendrimer influences the architecture of the final Fe-PAMAM composite.
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Figure 5.5 EOB of Cu to G4OH PAMAM dendrimers after 24 h dialysis with and
without pH adjustments (pH ~ 6.1). The pH was adjusted using 0.1 N NaOH.
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Recently, Crooks et al. reported the synthesis of subnanometer (0.9 ± 0.2 nm) G6C12(Fe55) DENs using FeCl3 and G6-C12 PAMAM dendrimer modified on its periphery
with 256 dodecyl groups.240 Furthermore, Baker Jr et al. synthesized FeS nanoparticles
using generation 4 PAMAM dendrimers terminated with amino (G4-NH2), hydroxyl
(G4-NClyOH), and carboxyl (G4-SAH) groups.241 Unfortunately, there is no literature
available for the complexation of Fe(NO3)3 with hydroxyl terminated PAMAM
dendrimers. The following work investigates the kinetics of the complexation step and
the effect of pH on the Fe3+/G4OH complexation process.
5.3.2.1 pH effect on the stability of G4OH-(Fe3+)n nanocomposites
One of the most conspicuous features of the ferric ion in aqueous solutions is the
tendency to hydrolyze and/or form complexes.242 Iron(III) has an affinity for ligands that
incorporate oxygen, such as the -OH terminal groups of the dendrimer, or the O donor in
the amide dendrimer functional groups. This can be attributed to the relatively high
binding constants (logK1 = 11.81) of Fe3+ for O donors. The affinity of iron(III) for
amine ligands is very low (logK1 = 3.8).64,65 No simple ammine complexes of Fe exist in
aqueous solutions as the addition of aqueous ammonia precipitates Fe in a form of
hydroxide. Chelating amines, such as EDTA, do form definite complexes with Fe among
which, the 7-coordinated [Fe(EDTA)H2O]- ion could be mentioned.243,244 Depending on
the solution pH, different hydrolysis products can be formed, which can subsequently
interact with various ligands to form Fe(III) complexes in solution.242
In order to determine the effect of pH on the stability of G4OH-(Fe3+)n solutions,
eight G4OH-(Fe3+)n solutions with molar ratios n = 0.2, 2, 5, 10, 20, 30, 60 and 80 were
prepared. The solution pH was measured and plotted as a function of molar ratio (Fig.
5.6). For n = 30, 60, and 80, the solution pH was found to be ~ 2.8 and these solutions
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Figure 5.6 pH of G4OH-(Fe3+)n solutions (n = 0.5, 2, 5, 10, 20, 30, 60 and 80) as a
function of the theoretical G4OH-(Fe3+)n ratio. The pH was recorded after 10 min of
complexation for molar ratios n < 20, and after 2 days of complexation for n ≥ 20.
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were stable for more than a month. In this pH range (slightly higher than 2.0), it is
expected that [Fe(H2O)5(OH)]2+ is formed, which is then converted to the hydroxobridged dinuclear species [(H2O)4Fe(μ-OH)2Fe(H2O)4]4+. The pH of the G4OH-(Fe3+)20
solution is ~ 3.8 and the solution was stable for a shorter period of time (3 days). The
increase in the G4OH-(Fe3+)n solution pH for n < 20 leads to the formation of unstable
solutions in which a red-brown precipitate appears within 15 min of complexation. This
behavior can be attributed to the formation of additional polynuclear species, colloidal
gels, and finally a precipitate of red-brown hydrated ferric oxide.242,245
5.3.2.2 Evidence of G4OH-(Fe3+)n complexation
Fig. 5.7 shows the absorption spectra of Fe3+ coordinated to different ligands.
More specifically, in the absence of the G4OH dendrimer (dashed line), Fe3+ exists
primarily as [Fe(H2O)5(OH)]2+ since the pH of the Fe(NO3)3 precursor is 2.5. The UVvis spectrum of these species is characterized by in a weak asymmetric absorption band
centered at 300 nm with a shoulder at 350 nm which can be attributed to a monomeric
hydrolyzed surface iron species.245 Two weaker bands observed at 675 and 750 nm
(inset) are characteristic of [Fe(H2O)6]3+ species. When dendrimer is added to the Fe3+
solution, the weak bands at 675 and 750 nm are obscured by the low energy tails into the
visible of LMCT absorptions.245

All the absorption bands emerged in Fig. 5.7,

correspond to charge-transfer absorptions, since high spin octahedral iron(III)
compounds are d5, they have a 6A1 ground state and all their excited states have a
different spin multiplicity. Consequently, d-d transitions are spin and parity forbidden.246
Upon addition of the G4OH dendrimer to the Fe(NO3)3 solution to form G4OH(Fe3+)30 composites, the 300 nm band shifts to 271 nm after 30 min of complexation.
Furthermore, the intensity of the absorption bands at 300 and 350 nm declines as
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Figure 5.7 UV-vis spectra of G4OH-(Fe3+)30 after 2 days of complexation. The solution
contained 7.0·10-3 mmol of Fe(NO3)3 from the Fe(NO3)3 stock solution. The
concentration of G4-OH used was 0.069 mM (555 μL from a 0.42mM G4OH stock
solution). The inset plot shows the UV-vis spectrum of the solution containing the same
concentration of Fe3+ as in G4OH-(Fe3+)30 (0.34 mM) but instead of G4OH was used DI
water. Aliquots of the solutions were diluted by a factor of 7.7 immediately prior to the
UV-vis measurement.
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compared to the solution containing the same concentration of only Fe(NO3)3 (dashed
line). At longer complexation times, both peaks increase in intensity and the band at 271
nm shifts back to 300 nm, while the position of the 350 nm band remains unchanged
during the complexation process. The red shift of the band at 300 nm indicates the
reduction in the symmetry of the coordination sphere of Fe(III) cations which
concomitantly increases their extinction coefficients.245 Similar observations reported for
Ru indicate that the increase in the absorption intensity is associated with the formation
of dendrimer-cation complexes.89 These changes in the absorption spectra suggest that
the complexation process for G4OH-(Fe3+)30 is completed after approximately 2 days.
5.3.2.3 Complexation kinetics-Determination of complexation time (UV-vis spectroscopy)
The complexation rate presumably depends on the Fe/G4OH ratio and on the
PAMAM solution concentration. To illustrate this point, two more samples G4OH(Fe3+)60 and G4OH-(Fe3+)80 were synthesized. Both of these samples contain the same
amount of Fe3+ moles (7·10-3 mmol) as the G4OH-(Fe3+)30 sample reported previously.
However, the Fe3+ concentration was different in these three preparations because
different volumes of solutions were used, depending on the required amount of G4OH.
For instance, the Fe3+ concentration in G4OH-(Fe3+)30, G4OH-(Fe3+)60, and G4OH(Fe3+)80 solutions was 1.14, 1.57, 1.73 mM, respectively. Each solution was diluted by a
factor 7.7 and UV-vis spectra were measured. Fig. 5.8 illustrates the UV-vis absorption
at 300 nm for G4OH-(Fe3+)n solutions with molar ratios n = 30, 60, and 80.
In the case of the G4OH-(Fe3+)30 sample, the absorbance at 300 nm was 40%
higher after 2 days of complexation than that observed after 30 min of complexation.
However, no significant changes were observed in spectra when complexation time was
further increased from 2 to 5days. On the other hand, the absorption at 300 nm remains
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Figure 5.8 UV-vis absorbance at 300 nm characterizing G4OH-(Fe3+)x solutions (where x
= 30, 60 and 80) as a function of complexation time and the Fe3+/G4OH theoretical ratio.
Aliquots of the solutions were diluted by a factor of 7.7 immediately prior to the UV-vis
measurement. All solutions contained the same amount of Fe3+ (7.0 moles of Fe(NO3)3
from the Fe(NO3)3 stock solution). The concentration of G4OH dendrimer in the final
solution was 0.069, 0.038 and 0.029 mM for Fe3+/G4-OH molar ratios 30, 60 and 80,
respectively.
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unchanged with time in the case of G4OH-(Fe3+)60 and G4OH-(Fe3+)80 samples,
indicating that for n ≥ 60 the complexation process is completed within first 30 min. The
LMCT absorption band at 300 nm increases quadratically with the number of bound Fe
atoms per G4OH for 30 min complexation, while for 2 or 5 days of complexation it
increases linearly with the number of bound Fe atoms per G4OH. This suggests that the
average structure of the light-absorbing Fe-O (or N) centers does not vary much after 2
days of complexation.91
5.3.2.4 Effect of dialysis on FB and EOB
Fig. 5.9(a) shows the fractional binding for G4OH-(Fe3+)n after 20 h of dialysis as
a function of the theoretical Fe/G4OH ratio (n) and the solution pH. For n = 30, the data
show that ~ 10% of the added Fe can be dialyzed from the Fe3+/G4OH solution,
suggesting that 10% of Fe is weakly bound or unbound with the G4OH dendrimer. For n
< 30, the solution pH becomes greater than 3, and ferric oxide precipitates within 15 min
of complexation (marked with the orange rectangular). For n > 30, the data show a
significant decrease in the Fe fractional binding. The fractional binding for n = 60 and
80 is 78 and 53%, respectively, indicating that the G4OH dendrimer does not bind all of
the Fe. To quantify this, we estimated the EOB, which is actually the number of Fe
atoms actually bound per one G4OH molecule (Fig. 5.9(b)).
For n = 30 and the solution pH = 3, about 26 Fe atoms are irreversibly bound to
each G4OH molecule (Fig. 5.9(b)). For n = 60 and the solution pH = 2.8, the number of
irreversibly bound Fe atoms increases to approximately 47 per G4OH. These data are
described by a parabola with maximum (or minimum) at n = 60. The main conclusion
from Fig. 5.9 is that the actual number of Fe atoms that are irreversibly bound to G4OH
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Figure 5.9 Theoretical Fe/G4OH ratio and the solution pH as a function of the Fractional
Binding of Fe to G4-OH (a) and Extent of Binding [EOB] of Fe to G4-OH PAMAM
dendrimers (b) after 24h dialysis. The red and blue curves correspond to the Fe/G4OH
ratio and the solution pH, respectively.
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is less than the theoretical Fe/G4OH ratio. Moreover, at high Fe/G4OH ratios (n = 80),
the solution contains the significant fraction (47%) of weakly bound or unbound Fe3+.
5.3.2.5 pH adjustment effect on the EOB of G4OH-(Fe3+)n
When the solution pH was adjusted to 7.0 during the complexation process, the
linear increase in EOB within the range of tested Fe(III)/G4OH molar ratios was
observed (Fig. 5.10). In all cases, the FB of Fe(III) cations to the dendrimers was found
to be 100%. This behavior can be attributed to the low extent of protonation of tertiary
amine groups which can take part in the complexation process. When these groups
become fully protonated at pH ~ 3, no binding of Fe(III) is observed with them but only
with the O donor groups (i.e., OH and amide groups RCONH2).
Diallo et al. reported that the 100% of FB can be obtained when the pH of
aqueous solutions of Fe(NO3)3 or FeCl3 with G4-NH2 EDA core PAMAM dendrimers is
adjusted to 7.0 (for Fe(III)/G4NH2 molar ratios up to 250). They suggested that Fe(III) at
pH 7.0 can complex with the tertiary/primary amines as well as the amide groups of the
G4NH2 dendrimer.65 Note that the FB (Fig. 5.10)) of Fe(III) to the G4OH PAMAM
dendrimer at pH 3.0 is slightly lower (by ~15%) than that at pH 7.0. This difference can
be attributed to a slight decrease in the number of coordination sites available for iron
due to the expansion of the fully protonated PAMAM dendrimer in aqueous solutions at
pH 3.0.55
5.3.3 Quantitative analysis of Au-PAMAM ligand exchange reactions: Time and
concentration effects
The relatively strong complexation of Fe(III) to G4OH at pH 3 is not completely
unexpected, since U(VI) appears to complex strongly with G4NH2 even at pH 2. It was
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Figure 5.10 EOB of Fe to G4-OH PAMAM dendrimers after 24 h dialysis with and
without pH adjustments (pH ~ 7.0). For the pH adjustments 0.1 N NaOH was used.
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suggested that this strong complexation involves deprotonation of G4NH2 amine groups
followed by coordination with the UO22+, which can also be valid for Fe(III).55 It is also
possible that as long as the metal used has high affinity for O donors, it can complex
even under acidic conditions with the OH or the amide (RCONH2) groups of the G4OH
dendrimer.98 The binding constants for O donors for U(VI) and Fe(III) are 8.2 and 11.81,
respectively, much higher than their binding constants for N donors (2.0, 3.8,
respectively), suggesting that even under acidic conditions, considering that the
dendrimer tertiary amine groups are protonated, the metals can still complex with O
donors.64 In order to verify the fact that Fe(III) complexes strongly with G4OH due to its
high affinity to O donors, experiments with a metal having lower affinity to O donors
than Fe(III) but a similar precursor pH (pH[Fe(NO3)3] = 2.4) were of a great interest.
According to the hard-soft acid-base (HSAB) theory of Pearson, Au is considered to be a
soft metal ion that shows an affinity to soft bases with donor atoms such as O < N < S,
while Fe3+ shows an affinity to hard bases with donor atoms as O > N > S.63,64,247
Furthermore, 1.4 mM of HAuCl4 precursor solution has pH equal to 3.1, similar to that of
Fe(NO3)3.
Fig. 5.11(a) shows values of FB for G4OH-(Au3+)n after 6 h of dialysis as a
function of the theoretical Au/G4OH ratio (n) and the solution pH. The FB values for n
= 2, 5, 10, 30, and 60 were found to be 67.6, 61.4, 39.7, and 11.0%, respectively,
indicating that the FB of Au decreases as n increases. At n = 30 (pH 3.0), the significant
amount of Au(III) is bound to the G4OH PAMAM dendrimer (FB ~ 39.7% and EOB up
to 8.7, Fig. 5.11) even though tertiary amines are supposed to be fully protonated. There
was no observed binding of Cu(II) to dendrimers at pH 3.0. This strongly suggests that
the complexation of gold cations to the G4OH PAMAM dendrimer at pH 3.0 involves
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Figure 5.11 Theoretical Au/G4OH ratio and pH as a function of the Fractional Binding of
Au to G4-OH (a) and Extent of Binding [EOB] of Au to G4-OH PAMAM dendrimers
(b) after 6 h of dialysis. The red and blue curves correspond to the Au/G4OH ratio and
the solution pH, respectively.
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deprotonation of amine groups followed by their coordination with the Au3+ cations.
Alternatively, Au3+ cations can complex directly with O atoms in the dendrimer interior.
Apparently, Au(III) interacts weaker with G4OH than Fe(III) under acidic
conditions, since it has higher affinity for N donors, which are protonated at pH ~ 3. 248
More specifically, gold colloids are negatively charged as AuCl4- ions are present in
solution, while the dendrimer is positively charged due to the protonation of the amine
groups.

The interaction is thus electrostatic, involving ion pairing (RN-H+···A-).249

Finally, at higher Au/G4OH ratios (n = 60, pH = 2.8), the solution contains the
significant fraction of weakly bound or unbound Au3+ (89%). Martinez et al. reported
that at pH < 3 in the G4OH-(Au0)8 solution, the fluorescence intensity dropped
significantly, consistent with the unstable nature of these nanoclusters in acidic solutions,
which can also explain low FB values at pH 2.8.250,251
5.3.4 Comparison between Theoretical Metal/Dendrimer ratio and max EOB of Fe and
Au with G4OH dendrimer
Experimental results obtained for Cu(II), Fe(III), and Au(III) indicate that EOB
values characterizing the complexation of these cations to the G4OH dendrimer depend
on the solution pH. While it was expected that the dendrimer would be protonated at
acidic pH and, therefore, unable to complex metal cations, results obtained for G4OH(Au3+)30 and G4OH-(Fe3+)60 demonstrate that at pH ~ 3 EOB values have maxima at 8.7
and 46, respectively, (Table 5.3). This unexpected result can be explained if one would
assume that the initially protonated dendrimer becomes deprotonated under acidic
conditions and capable of complexing with the metal cations so a certain degree. It is
also possible that Au(III) and Fe(III) cations can complex with O donors of the G4OH
dendrimer and not with amine groups. Furthermore, the data indicate that Fe(III)
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Table 5.3 Theoretical ratio and maximum EOB values of Au(III), Fe(III) to G4-OH and
Cu(II) to G4-OH with and without pH adjustments and Cu(II) to Gn-NH2 (n = 3 -8).122
Theoretical Ratio

Max Extend

Metal/Dendrimer

Of Binding

Au

30

8.7

3

Fe

60

46

2.8

Cu (WITHOUT pH adjustments)

13

8.2

5.5

Cu (WITH pH adjustments)

60

24

6.1 (adj.)

Cu[G3-NH2]

11

8±1

Cu[G4-NH2]

18

13 ± 1

Cu[G5-NH2]

41

29 ± 3

Cu[G6-NH2]

91

46 ± 9

Cu[G7-NH2]

114

83 ± 9

Cu[G8-NH2]

306

153 ± 20

Metal
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pH

complexes stronger with the G4OH dendrimer in comparison with Au(III) and Cu(II)
because the maximum EOB value for G4OH-(Fe3+)60 after 1 day of dialysis is only 23%
lower than the initial theoretical molar ratio used, while for Au(III) and Cu(II) the
difference is 71 and 37%, respectively.
The data obtained in the case of Cu(II) show that when the pH of the G4OH(Cu2+)x solution was adjusted to 6.1, the EOB values were increased. More specifically,
the maximum EOB value of 12 was observed for G4OH-(Cu2+)60 without pH
adjustments, while this value was increased to 24 when pH adjustments were used.
Furthermore, the data obtained for G4OH-(Cu2+)13 and G4NH2-(Cu2+)18 show that
maximum EOB values for G4OH-(Cu2+)13 end G4NH2-(Cu2+)18 are 37 and 28 % lower
than the theoretical molar ratio used, respectively (Table 5.3). The higher maximum
EOB value in the latter case can be attributed to the complexation of Cu cations with
primary amines of the dendrimer.
5.3.5 Quantitative analysis of Ni-PAMAM ligand exchange reactions: Time and
concentration effects
5.3.5.1 Evidence of G4OH-(Ni2+)n complexation
The complexation features of G4OH with Ni(II) (d8) are rather different from
those observed for Cu(II), despite the fact that the molar ratios of Ni2+/G4OH used were
almost the same as those for Cu(II). Bianchi et al. reported that the Ni(II) spectrum is
independent of pH, which is a main difference between Cu(II) and Ni(II) absorption
spectra.252 The main difference was revealed by the absorption spectrum of the Ni(II)
complex. The UV-vis spectrum of [Ni(H2O)6]2+ displays two absorption bands at 390
and ~ 700 nm which can be assigned as shown in Table 5.4.242,253,254 Furthermore, a split
of the band at 700 nm appears in the [Ni(H2O)6]2+ spectrum due to spin-orbit coupling
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Table 5.4 Spectra of Octahedral Nickel(II) Complexes (band positions in nm).242,253

Transition

[Ni(H2O)6]

2+

[Ni en3]2+
(en: ethylenediamine)

3

A2g → 3T1g (F)

700

550

3

A2g → 3T1g (P)

400

350
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which mixes the 3T1g (F) and

1

Eg states which are very close in energy (Fig.

5.12(a)).242,253 A considerable number of neutral ligands, especially amines, can displace
some or all of the water molecules in octahedral [Ni(H2O)6]2+ species and form
complexes such as trans-[Ni(H2O)2(NH3)4](NO3)2.283 When ammines are complexed
with Ni(II) in solution, the initial absorption spectra are blue shifted as it is shown in
Table 5.4.255
UV-vis spectra characterizing 0.34 mM G4OH-(Ni2+)2 and 0.05 mM G4OH(Ni2+)60 solutions after 5 days of complexation and spectra characterizing corresponding
solutions of the precursor (Fig. 5.12(b)-dashed lines) with the same concentration of Ni2+
are compared in Fig. 5.12(b). Two bands at 390 and 700 nm are evident in the spectrum
of the Ni precursor solution. In the case of the G4OH-(Ni2+)2 solution, these peaks are
blue shifted to ~ 370 and 605 nm, while in the case of the G4OH-(Ni2+)60 solution the
peaks blue shifted only slightly (Fig. 5.12(b)). Based on these observation we can
conclude that the complexation of Ni(II) with G4OH depends on the concentration of
Ni(II) in the solution. Moreover, it seems that for low Ni(II)/G4OH molar ratios, such as
G4OH-(Ni2+)2, there is a weak interaction between Ni(II) and the dendrimer, while
interactions between Ni(II) and the dendrimer are much weaker in the case of higher
molar ratios (i.e., G4OH-(Ni2+)60).
5.3.5.2 Complexation kinetics-Determination of complexation time (UV-vis)
Fig. 5.13 illustrates the effect of the Ni(II) concentration on the position and the
absorbance of the band at ~ 390 nm, which is attributed to the Ni2+-amine interaction, as
a function of the Ni2+/G4OH molar ratio and complexation time. Fig. 5.13(a) shows that
the band at 390 nm is blue shifted to 368.9, 372.5, 374.7, 379, 381.7, and 389.6 nm for
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Figure 5.12 UV-vis spectra characterizing (a) the solution of Ni(NO3)2 (3.5 mM) diluted
by a factor of 2 immediately prior to the UV-vis measurement and (b) 0.34 mM G4OH(Ni2+)2 and 0.05 mM G4OH-(Ni2+)60 (inset) compared with spectra of the Ni precursor in
DI water prepared with the same Ni concentration. Aliquots of all the solutions prepared
were not diluted prior to UV-vis measurement
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Figure 5.13 The position (nm) (a) and absorbance (b) of UV-vis bands as a function of
theoretical Ni(II)/G4OH ratios and the complexation time, respectively. Data in (a) were
taken after 30 min of complexation. Aliquots of solutions were not diluted prior to UVvis measurement. All solutions contained the fixed amount of Ni2+ (0.015 mmol of
Ni(NO3)2 from the Ni(NO3)2 stock solution). The concentration of G4-OH dendrimer in
each case varied depending on the desired Ni2+/G4-OH ratio. Specifically, the
concentration of G4-OH used was 0.34, 0.26, 0.19, 0.12, 0.09, 0.07, 0.05 mM for
Ni2+/G4-OH molar ratios 2, 5, 10, 20, 30, 40, and 60, respectively.
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Ni2+/G4OH molar ratios 2, 5, 10, 20, 30 and 60, respectively. It is obvious that the peak
at 390 nm gradually returns to its initial position (i.e., 390 nm) with an increase in the
Ni2+/G4OH molar ratio, which is consistent with a decrease in the interaction of Ni2+
with the dendrimer. In order to determine the complexation time, the absorbance of the
blue shifted peak was plotted vs time in Fig. 5.13(b). For G4OH-(Ni2+)2, G4OH-(Ni2+)5,
and G4OH-(Ni2+)10 solutions, the absorbance of the peak ~ 370 nm increased with
increasing the complexation time but no changes were observed after 3 days of
complexation. On the other hand, the absorbance of solutions with higher Ni2+/G4OH
molar ratios (such as G4OH-(Ni2+)20,30,60) remained nearly constant with time. These
observations can lead us to the conclusion that the complexation time depends on the
Ni2+/G4OH ratio. More specifically, the Ni2+-amine complexation is stronger in the case
of small Ni2+/G4OH ratios but approximately 3 days are required to complete the
complexation process, while Ni2+-amine interactions are weaker in the case of higher
molar ratios and the complexation process can be completed in less than 30 min.
Bianchi et al. mentioned that the complexation of Ni(II) can be affected by the
kinetic inertness of ligands, in particular those which are sterically hindered. Therefore,
the process of Ni(II) encapsulation by the dendrimer may be extremely slow at room
temperature and the coordination of Ni(II) occurs primarily at the less hindered binding
site such as the external nitrogen atoms of the amine terminated GxNH2 PAMAM
dendrimer.252 It is noteworthy that Ni(II) has a marked tendency to impose its own
geometry to ligands. At the same time, the presence of PAMAM dendrimers leads to a
reduced ability of the “intra-cavity” amine donors to adapt themselves to the rather strict
stereochemical requirements of Ni(II).

This could thermodynamically favor Ni(II)

complexation to nitrogens at the periphery of PAMAM dendrimers.254
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5.3.5.3 Effect of dialysis on FB
The content of Ni was measured in all G4OH-(Ni2+)x solutions (where x = 2, 5,
30, and 60) before and after dialysis. The data obtained indicate that G4OH-(Ni2+)2 and
G4OH-(Ni2+)5 solutions lost approximately 50% Ni after 6 h of dialysis, while the loss of
Ni was approximately 90% in the case of G4OH-(Ni2+)30 and G4OH-(Ni2+)60 solutions
with higher molar ratios (Fig. 5.14).
After 1 day of dialysis the loss of Ni was increased to 80-90% in the former case,
while all Ni was removed from G4OH-(Ni2+)30 and G4OH-(Ni2+)60 solutions. These data
clearly show that Ni(II) weakly binds to the G4OH dendrimer in G4OH-(Ni2+)30 and
G4OH-(Ni2+)60 solutions, which is consistent with UV-vis data. For G4OH-(Ni2+)2 and
G4OH-(Ni2+)5 solutions with smaller Ni2+/G4OH molar ratios, approximately ~ 10-20%
Ni remains in the solution after 1 day of dialysis, indicating the stronger Ni2+-amine
interactions in this case. It is feasible that the remaining Ni can also be dialyzed during
more exhaustive dialysis experiments. In general, the interaction between Ni(II) and
G4OH is considered to be much weaker that interactions of Cu(II), Fe(III), and Au(III)
with G4OH.
5.3.6 Quantitative analysis of Co-PAMAM ligand exchange reactions: Time and
concentration effects
Co(II) cations (d7) are known to form both octahedral [Co(H2O)6]2+ and
tetrahedral complexes [Co(H2O)4]2+. Because the difference in the stability of these
complexes is small, there are several cases in which both types of complexes are present
simultaneously. For instance, the inset shown in Fig. 5.15(a) illustrates the UV-vis
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Figure 5.14 Fractional Binding of Ni2+ to G4-OH after 3 days of complexation as a
function of the dialysis time.
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spectrum of the Co(NO3)2 aqueous solution. Two weak bands observed in this spectrum
at ~510 and 621 nm can be attributed to the presence of the octahedral [Co(H2O)6]2+ (4T1g
(P) ← 4T1g (F)) and the tetrahedral [Co(H2O)4]2+ (4A2g ← 4T1g (F)) complexes,
respectively. The shoulder 4T1g (P) ← 4T1g (F) appears as a result of the spin-orbit
coupling split of the 4T1g (P) excited state.256-258 While Co(III) shows a particular affinity
for nitrogen and various complexes of Co(III) incorporating ammonia, amines, nitro, and
nitrogen-bonded SCN groups are well known, no such information can be found for
Co(II).242,256,257
When the G4OH dendrimer was added to the Co2+ precursor solution to form
G4OH-(Co2+)2, the initial absorption band at ~510 nm shifted to 450 nm, suggesting the
interaction of the octahedral [Co(H2O)6]2+ complex with amine groups of the dendrimer
(Fig. 5.15(a)). In this case, the band at 621 nm remains in the same position, indicating
that the tetrahedral [Co(H2O)4]2+ complex does not interact with the amine groups of the
dendrimer.258 In the case of higher Co2+/G4OH molar ratios (i.e., G4OH-(Co2+)60) the
peak at 510 nm remains in the same position, indicating that there is no interaction
between [Co(H2O)6]2+ and amine groups of the dendrimer, while the absorption band at
621 nm disappears, indicating that an increase in the Co(II) concentration in solution
moves the equilibrium between octahedral and tetrahedral Co(II) complexes to the
octahedral side. The complexation of Co(II) with the G4OH dendrimer is somewhat
similar to the complexation of Ni(II) with G4OH because in both cases there is a weak
interaction of metal cations with the G4OH dendrimer only for the metal/dendrimer
molar ratio of 2.
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Figure 5.15 UV-vis spectra characterizing (a) G4OH-(Co2+)x (with x = 2, 5, 40, and 60)
after 3 days of complexation. The inset plot shows the UV-vis spectrum of the precursor
solution (3.4 mM) diluted by a factor of 2 immediately prior to the UV-vis measurement,
(b) G4OH-(Co2+)x complex at ~500 nm (x = 2, 5, 10, 20, 30, 40 and 60) as a function of
complexation time and Co2+/G4-OH theoretical ratio. Aliquots of the solutions were not
diluted prior to UV-vis measurements.
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Fig. 5.15(b) illustrates UV-vis spectra as a function of time for G4OH-(Co2+)x
with x = 2, 5, 10, 20, 30, 40 and 60. It is evident that the absorbance for all Co 2+/G4OH
molar ratios remains unchanged with time, except for the G4OH-(Co2+)2 case in which
the absorbance at 450 nm increases even after 17 days of complexation. Based on these
UV-vis data, we can conclude that similar to the case of Ni, the complexation of Co with
G4OH is weak and slow, but is somewhat stronger in the case of smaller Co2+/G4OH
molar ratios. Finally, nearly 100% of Co(II) cations can be removed from G4OH-(Co2+)x
(x = 2, 5, 30, and 60) solutions after 7 h of dialysis (Fig. 5.16). This result indicates the
presence of weak Co2+-G4OH interactions, which is consistent with UV-vis data.
5.3.7 Quantitative analysis of Mn, Zn-PAMAM ligand exchange reactions: Time and
concentration effects
Complexes of Mn(II) have five d electrons and approximately seven d-d
transitions are possible which are characterized by very weak bands in UV-vis spectra
even for a simple complex such as [Mn(H2O)6]2+.242,259 Mn(II) can form a variety of
different complexes but the equilibrium constants for their formation in aqueous
solutions are relatively low when compared to those of Fe(III) and Cu(II).

The

interaction of ammonia with [Mn(H2O)6]2+ may lead to the formation of [Mn(NH3)6]2+.
Mn complexes with chelating ligands such as ethylenediamine etc. are also known. Zn
cations are also capable of forming complexes with amine ligands.242
Fig. 5.17(a) shows UV-vis spectra of G4OH-(Mn2+)2, G4OH-(Mn2+)5, and
G4OH-(Mn2+)60 solutions. The aqueous solution of Mn(NO3)2 is characterized by a
weak absorption band at 400 nm which is slightly shifted to lower wavelengths after
G4OH was added to the solution. Similar to what was observed during complexation of
Ni(II) and Co(II) with G4OH, the initial peak at 400 nm is shifted to ~355 nm for G4OH123
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Figure 5.16 Fractional Binding of Co2+ to G4-OH measured after 3 days of complexation
as a function of the dialysis time.
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Figure 5.17 UV-vis spectra of G4OH-(Mn2+)x (x = 2, 5, and 60) collected after 30 min of
complexation (a) and the absorbance of the G4OH-(Mn2+)x complex at 335 nm (x = 2, 5,
30 and 60) as a function of the complexation time and Mn2+/G4-OH theoretical ratio (b).
Aliquots of all solutions were not diluted prior to UV-vis measurements. All solutions
contained the same amount of Mn2+ (0.03 mmol of Mn(NO3)2 from the Mn(NO3)2 stock
solution). The concentration of G4-OH used was 0.38, 0.33, 0.16, and 0.10 mM for
Mn2+/G4-OH molar ratios 2, 5, 30 and 60, respectively.
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(Mn2+)2, while for higher Mn(II)/G4OH molar ratios the peak at 400 nm remains almost
in the same position, indicating the presence of weak Mn(II)/G4OH interactions. In
order to determine the complexation time of Mn(II) to G4OH dendrimer, the absorbance
at ~355 nm was monitored as a function of time and the data obtained suggest that the
complexation process is completed after approximately 3 h (Fig. 5.17(b)). Experiments
with Zn(II)/G4OH solutions show similar results.
In order to determine the strength of the Mn(II) and Zn(II) complexation to the
G4OH dendrimer, solutions with different Mn(II)/G4OH and Zn(II)/G4OH molar ratios
were prepared and dialyzed. Fig. 5.18 illustrates the FB of Mn(II) and Zn(II) to the
G4OH dendrimer as a function of the dialysis time. It is evident that nearly all Mn can
be removed from the solution after 6 h of dialysis, consistent with weak Mn-G4OH
interactions. Similar data collected for Zn/G4OH solutions also suggest the presence of
weak Zn-G4OH interactions. However, in the absence of experimental points between 4
and 20 h of dialysis, the time required for complete removal of Zn from the solution
cannot be determined precisely in this case.
5.3.8 Quantitative analysis of Ag-PAMAM ligand exchange reactions: Time and
concentration effects
5.3.8.1 Evidence of G4OH-(Ag+)n complexation
In a typical preparation procedure for G4OH-(Ag+)60, 150 μL of the silver nitrate
stock solution (58.9 mM) was added drop wise under stirring to a desired amount of the
G4OH stock solution. The volumetric flask was filled up to 40 mL with DI water
resulting in a [Ag+] = 0.22 mM. This procedure was carried out in darkness. UV-vis
spectra (λ = 190 – 250 nm) collected for the aqueous solution of the G4OH dendrimer
(5.31·10-3 mM) are characterized by a band located at approximately 210 nm. When Ag+
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Figure 5.18 Fractional Binging of Mn2+ (a) and Zn2+ (b) to G4-OH after 3 days of
complexation as a function of dialysis time
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was added to this solution, a new band appeared at λmax = 420 nm after 4 days of
complexation in a dark environment (Fig. 5.19). Upon ageing of this solution for another
12 days, the intensity of the peak at 420 nm was enhanced.260 It is know that metallic
silver has an intense plasmon absorption band in the visible region at approximately 320
nm.261 The presence of the characteristic red shift of the plasmon absorption band
suggests the formation of dendrimer-protected silver nanoparticles with sizes larger than
4 nm.152,155,262 It is possible that the G4OH dendrimer transfers some electron density to
Ag and this process further leads to the formation of Ag particles.130,261,263 Furthermore,
the yellow color of the colloidal silver solution is believed to be a clear evidence for the
formation of silver nanoparticles.147
5.3.8.2 Complexation kinetics for G4OH-(Ag+)n solutions
When the G4OH-(Ag+)60 solution was prepared, it was kept under stirring while
the complexation process was monitored by the UV-vis spectroscopy.

The initial

colorless solution became yellow after 4 days of complexation and finally the solution
color became dark brown after 22 days of complexation. After this period of time (22
days), a precipitate was formed and UV-vis spectra were no longer recorded. The
formation of large Ag particles with dimensions exceeding those of G4OH molecules
could be a reason for the precipitation of Ag.71 The intensity of the 420 nm band
increased substantially with complexation time and a shoulder appeared at approximately
570 nm after 18 days of complexation (Fig. 5.20(a)).
From the shape of the absorption peak one can also acquire at least some
information about the size distribution of metal particles which are formed in solution.
For example, when metal particles are monodisperse and have the narrow distribution of
sizes, the shape of the peak is expected to be symmetric and the value of the full width at
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Figure 5.19 UV-vis spectra of 5.31·10-3 mM G4OH and G4OH-(Ag+)60 solutions as a
function of time.
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half-maximum (FWHM) is expected to be small.149,263,264 In contrast, when the system is
polydisperse, the peak shape is expected to be asymmetric due to the overlap of two or
more absorption peaks.265,266 From the data shown in Fig. 5.20(a) for Ag, one can
suggest that the shape of the peak was changed from symmetric to asymmetric after
approximately 14 days of complexation, consistent with a suggestion that the size
distribution became broader due to the transformation of the Ag colloid system from
monodispersed to polydispersed.263
Fig. 5.20(b) shows that the band at 420 nm increases slow in intensity during first
300 h but the increase is substantially stronger thereafter.

This band is growing

continuously for almost a month with no indications of the steady state over the duration
of the experiment. The intensity of the silver plasmon resonance in the G4OH-(Ag+)60
solutions was found to be a function of the nanoparticle size and architecture. The
increase in intensity suggests the increase in the size of Ag nanoparticles.261,262,267
Fig. 5.21 shows UV-vis spectra of the G4OH-(Ag+)60 solution, which was
complexed for 1 h, before and after it was treated with the 15-fold weight excess of
NaBH4. The spectrum of the G4OH-(Ag+)60 solution has no bands in the 250-720 nm
region. When this solution was treated with NaBH4, the solution color immediately
turned to dark brown and a precipitate appeared after approximately 30 min of vigorous
stirring. The UV-vis spectrum of the solution taken approximately 10 min after NaBH4
was added shows the presence of relatively strong bands at 270, 380, 435 nm. Based on
literature reports, the band at 270 nm signifies the formation of small Ag clusters, while
the strong and sharp band at 380 nm originates from Ag nanoparticles that have relatively
small dimensions. Finally, the broad band located at approximately 435 nm is consistent
with the formation of relatively large Ag aggregates.268-270 Therefore, the treatment of the
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G4OH-(Ag+)60 solution with NaBH4 leads to the formation of Ag clusters and
polydispersed Ag nanoparticles which continue to aggregate with time and finally
precipitate from the solution.
5.3.8.3 Effect of dialysis on FB
Finally, the data shown in Fig. 5.22 indicate that interactions between Ag+ and
G4OH are weak because the dialysis of G4OH-(Ag+)x samples (x = 0.5, 5, and 30) leads
to removal of 100% Ag and approximately 4 h is sufficient to complete this process.
5.3.9 EOB of G4NH2-(Mn+)x solutions
Fig. 5.23 provides a direct comparison of EOB values for different metal cations
complexed with G4NH2 and G4OH dendrimers.

The EOB for the G4OH-(Au3+)30

system is 8.7 but this value increases to 30 when the G4NH2 dendrimer is used. This
result clearly shows that the complexation of Au(III) with the primary amines of the
G4NH2 dendrimer is much stronger than with bindings sites of the G4OH dendrimer.
Furthermore, EOB values for G4OH-(Fe3+)30 and G4NH2-(Fe3+)30 systems were found to
be ~ 25 in both cases. Since the EOB value is the same for both G4NH2 and G4OH
dendrimers, this result suggests that Fe3+ can complex to the same extent with OH and
NH2 terminal groups of G4OH and G4NH2 dendrimers, respectively. Results obtained
for G4OH-(Co2+)30 suggest that Co2+ does not interact strongly with the G4OH
dendrimer since the EOB value is zero in this case.

However, Co2+ can interact

somewhat stronger with primary amines of the G4NH2 dendrimer because the EOB value
in this case is 2.5. Finally, Ag, Mn, Ni, Zn, and Cu cations cannot complex strongly with
neither of the dendrimers because the EOB values were found to be zero in both G4OH(Mn+)30 and G4NH2-(Mn+)30 cases.
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Figure 5.22 FB Ag+ to G4-OH as a function of dialysis time. All solutions contained the
same amount of Ag+ (3.14 mmol AgNO3 from the 58.9 mM AgNO3 stock solution). The
concentration of the G4-OH dendrimer in the final solution was 4.2·10-1, 4.2·10-2, and
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dialyzed for 24 h.
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5.3.10 FB of Reduced G4OH-(Mn+)30 solutions
In order to determine when it is most appropriate to perform the dialysis step,
G4OH-(Mn+)30 solutions were prepared for Ag+, Co2+, Ni2+, Cu2+, and Mn2+ and dialyzed
before and after the reduction step was performed. In the latter case, G4OH-(Mn+)30
solutions were treated with the 3-fold excess of NaBH4, with the exception of the G4OH(Ag+)30 solution which was treated with the 4-fold excess of NaBH4 in NaOH. Fig.
5.24(a) shows FB values obtained for untreated and treated with NaBH4 G4OH-(Ag+)30
solutions as a function of dialysis time. The data clearly show that 100% of Ag is
dialyzed from the G4OH-(Ag+)30 solution after 5 h of dialysis. In contrast, similar data
obtained for the G4OH-(Ag+)30 solution treated with NaBH4 show that approximately 40
and 30 % Ag remains in solution after 5 and 24 h of dialysis, respectively.
This result may indicate that after the treatment with NaBH4 Ag stronger interacts
with the dendrimer or, alternatively, relatively large Ag particles are formed. In the latter
case, it is expected that the size of Ag particles governs the loss of Ag during dialysis.
For example, when the size of Ag particles exceeds the size of dialysis tubing pores, Ag
would not be dialyzed from the solution. Somewhat similar data were obtained for
G4OH-(Mn+)30 solutions of Co and Mn (Fig. 5.24(b)). However, the data collected for
G4OH-(Mn+)30 solutions of Cu and Ni show that the placement of the dialysis step does
not affect substantially the FB values (Fig. 5.24(b)).
5.3.11 Intradendrimer Metal-Displacement Reactions
Since Ag+ interacts with the G4OH dendrimer only weakly, Ag cannot be loaded
into the dendrimer interior and stable Ag/G4OH nanocomposites cannot be prepared via
the direct complexation process. However, it was suggested by Crooks et al. that such
nanocomposites can be prepared via displacement reactions.44 In this approach, DENs
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prepared from a particular metal such as Cu for example, can be exchanged with Ag as
long as the latter metal is more noble than the former (Eq. 4). Depending on the solution
pH, Cu2+ cations formed in solution during the displacement reaction may or may not
interact with the dendrimer.

This fact opens up some interesting possibilities for

intradendrimer reactions.57,60
Cuo + 2 Ag+ → Cu2+ + Ago

(Eq. 4)

5.3.11.1 Preparation of Metal-Dendrimer Nanocomposites by Displacement Reactions
Five G4OH-(Cu2+)x solutions with x = 5, 10, 16, 30 and 60 were prepared. All
these solutions had the same amount of Cu(NO3)2 (1.07 mM) but the amount of G4OH
was 3.15, 1.57, 7·10-2, 3·10-2, and 2·10-2 mmol for Cu2+/G4OH molar ratios 5, 10, 16, 30
and 60, respectively. The final volume of each solution was adjusted to 15 mL with DI
water. Prior to the reduction treatment, the pH of these solutions was adjusted to 7.0
using 0.1 N NaOH and solutions were purged with N2 for 30 min. A 3-fold weight
excess of NaBH4 was introduced to each solution with a goal to reduce the dendrimerencapsulated Cu2+ to the zerovalent (Cu0) state. Each solution was sealed and stirred
continuously for ~2 h until the production of H2 was no longer evident. The pH of each
resulting solution was further adjusted to 3 using 2% HNO3 to ensure that hydrolysis of
unreacted NaBH4 is not taking place any longer.78 In addition, after the solution pH is
adjusted to 3, the protonation of tertiary amines in the G4OH dendrimer interior occurs
(pKa ~ 6.3) and this process enables Ag to interact directly with reduced Cu0 and not
with functional groups of the dendrimer.108,109 To ensure that the formation of Ag0 metal
nanoparticles is the result of the metal displacement reaction rather than the result of the
direct reduction with NaBH4, the solution pH was adjusted to 3.0 and the stoichiometric
amount of silver (i.e., 0.34 mL of a 58.9 mM AgNO3) was added to the solution 1 h later.
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This preparation routine is further denoted as the 7-3 method (Figure 5.25). In some
experiments, the solution pH was further adjusted to 7 with 0.1 N NaOH before Ag was
added to the solution. This adjustment was used to ensure that reduced Cu0 species
remain to be encapsulated by the G4OH dendrimer and this preparation routine is further
denoted as the 7-3-7 method (Figure 5.25).
5.3.11.2 Effect of dialysis on FB and EOB of Ag and Cu in G4OH-(Cuo)-2Ag+ solutions
prepared via intradendrimer displacement reactions
Fig. 5.26(a) shows the FB values characterizing G4OH-(Cu0)-2Ag+ solutions
prepared using the 7-3 method as a function of dialysis time. The data suggest that
approximately 80 % of Ag is dialyzed from the solution after 2 h but 10-20% of Ag
remains in the solution even after 20 h of dialysis, depending on the Cu/G4OH ratio
used. In all these cases, no Cu can be found in the solution after 20 h of dialysis (Fig.
5.26(b)). This result indicates that the displacement reaction between Cu0 and Ag+ does
not proceed to a completion likely because not all Cu species are reduced in the solution.
Moreover, since the solution pH was adjusted to 3.0 after the reduction treatment, such
an adjustment could lead to the reoxidation of Cu as well as to the protonation of the
dendrimer.

It is expected that all these factors would limit the probability of the

intradendrimer displacement reaction to occur, consistent with our observations.
Fig. 5.27 illustrates FB values for Ag and Cu in G4OH-(Cu0)-2Ag+ solutions
prepared by the 7-3-7 method. After G4OH-(Cu0)x solutions with x = 5, 10, 16, 30, and
60 were reduced with NaBH4 and the solution pH was adjusted to 3.0 and then readjusted
to 7.0 as described previously, 0.34 mL of the 58.9 mM AgNO3 stock solution was added
to the mixture and solutions thus formed were dialyzed against DI water. The maximum
FB value for Ag observed after 1 day of dialysis was found to be ~60% in the case of the
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Figure 5.26 FB of (a) G4OH-(Ag0) and (b) G4OH-(Cu2+) resulting from intradendrimer
displacement reactions (method 7-3). Approximately 15 mL of each sample were used
for dialysis. All Cu2+/G4-OH solutions initially contained 1.57·10-2 mmol Cu2+ and the
content of G4OH in the final solution was 1.57, 7·10-2, 3·10-2, and 2·10-2 mM for G4OH(Cu2+)10, G4OH-(Cu2+)16, G4OH-(Cu2+)30 and G4OH-(Cu2+)60, respectively. After 0.34
ml of the AgNO3 stock solution (58.9 mM AgNO3) was added to these solutions, the
volume of each solution was adjusted to 15 mL using DI water.
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G4OH-(Cu0)16 solution (Fig. 5.27(a)). A small amount of Cu2+ (< 10%) was retained
inside the solution after 1 day of dialysis (Fig. 5.27(b)) but all Cu is expected to be
removed if the dialysis procedure is performed for a longer period of time.

Two

absorption bands were identified in UV-vis spectra of such solutions at ~400 and 300 nm
which correspond to the plasmon resonance of Ag particles and to the LMCT of
intradendrimer Cu2+ species, respectively.44,78

Based on these observations it was

concluded that both Ag0 and Cu2+ were trapped in the dendrimer interior.
Fig. 5.28 illustrates the EOB characterizing Ag/G4OH prepared with 7-3 and 7–
3–7 methods after 1 day of dialysis. The EOB values characterizing Ag/G4OH prepared
with the 7-3-7 method are much larger as compared to those characterizing the sample
prepared with the 7-3 method. In both cases, however, EOB values increase linearly
with increasing the theoretical Cu/G4OH molar ratio. If Cu in solution is totally reduced
and the displacement reaction proceeds to a completion, the maximum EOB value of
Ag/G4OH is expected to be around 120 (G4OH-(Ag0)120) in the case of the G4OH(Cu0)60 molar ratio because 2 moles of Ag replace 1 mole of Cu.

However, the

maximum experimental value determined for the Ag/G4OH EOB was found to be 48,
which is 60% lower than expected. This result can be explained by incomplete reduction
of Cu in solution.
The reduction potential Eor is another parameter that should be taken into
consideration when displacement reactions are performed (Table 2.2).

Since Ag is

characterized by a larger reduction potential than Cu, it will be reduced in solution where
Cu0 species are present. Moreover, since the reduction potential for the Cu2+/Cu system
is larger than that for the H+/H2 system, copper typically does not form hydrogen in
solution. However, it is possible that the value of the reduction potential for the Cu2+/Cu
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system can drop below that characterizing the H+/H2 system under certain circumstances
and the displacement of hydrogen from solution by metallic copper becomes possible.271
In this case, the 2H+(aq) + 2e- → H2(g) reaction will interfere with the redox reaction
between metals and impede the displacement process.
The data shown in Fig. 5.29 indicate that nearly 100% Ag is dialyzed after
approximately 7 h when Cu is not used in the preparation routine. This result suggests
that Cu plays a vital role in displacement reactions and the presence of Cu is necessary
for retaining Ag inside the solution.
5.3.11.3 Effect of dialysis on FB of Ag, Cu in G4OH-(Cuo)-4Ag+ solution
Several attempts were made to enhance the amount of Ag that is retained by the
G4OH dendrimer in solution. When 7-3-7 method was used to prepare the G4OH(Cu0)16 solution and the solution pH was finally adjusted to 7.0, two times the
stoichiometric quantity of Ag+ (0.68 mL from the 85.9 mM AgNO3 stock solution) was
added to the mixture. The solution was sealed and held under stirring for 1 h before it
was dialyzed. The FB values for Ag as a function of dialysis time are shown in Fig.
5.30(a). The addition of two times the stoichiometric quantity of Ag led to 100% dialysis
of Ag and Cu after 5 and 24 h, respectively. This experiment was repeated twice but
results obtained were found to be the same. Fig. 5.30 shows that the concentration of Ag
in solution drops much quicker than that of Cu likely due to the presence of Ag+ in a
large excess. However, it is remaining unclear at this point why more Ag remains in the
solution when the stoichiometric quantity of Ag is used for preparations.
5.4 Conclusions


Complexation of Cu2+ with G4OH is completed after approximately 30 min but
the extent of this process does not depend on the metal-to-dendrimer molar ratio
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used when the solution pH is not controlled. The maximum value for the number
of Cu ions complexed per dendrimer molecule was found to be 8 at pH ~ 5.8.
When the solution pH was adjusted to 6.1, more Cu(II) was complexed with the
dendrimer.

However, the difference between calculated and experimentally-

observed Cu2+/G4OH values after complexation remains substantially different.


UV-vis data indicate that the complexation process for G4OH-(Fe3+)30 was
completed after approximately 2 days. When the Fe/G4OH ratio in the solution
was 60 or higher, the absorption at 300 nm was found to be unchanged after 30
min, indicating that the complexation process is actually completed within the
first 30 min.

At high Fe/G4OH ratios (n = 80), the solution contained a

significant fraction (47%) of weakly bound or unbound Fe3+. When the solution
pH was adjusted to 7.0 during the complexation process, the EOB increased
linearly within the range of tested Fe(III)/G4OH molar ratios, while the FB of
Fe(III) cations to the dendrimers was found to be 100% in all such experiments.


In the case of G4OH-(Au3+)30 (pH of 3.0), a significant amount of Au(III) is
bound to the G4OH PAMAM dendrimer (FB ~ 39.7% and EOBG4OH and
EOBG4NH2 values of up to 8.7 and 30, respectively) even though the dendrimer
tertiary amines are expected to be fully protonated under such conditions.



The Ni2+-amine complexation was stronger for low Ni2+/G4OH ratios and
approximately 3 days were required to complete the complexation process in this
case. The Ni2+-amine interactions appear to be weaker at higher molar ratios
nickel-to-dendrimer and the complexation process was completed in less than 30
min. In general, the interaction between Ni(II) and G4OH is much weaker than
the interactions of Cu(II), Fe(III), and Au(III) with G4OH.
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The complexation of Co(II) with the G4OH dendrimer was similar to the
complexation of Ni(II) with G4OH. However, Co2+ can interact somewhat more
strongly with the primary amines of the G4NH2 dendrimer (EOB = 2.5).



Mn and Zn interact very weakly with G4OH, as both metals can be completely
removed from the solution after 6 h of dialysis.



In the case of G4OH-(Ag+)60, interactions between Ag+ and G4OH are also very
weak, since nearly 100% of the Ag can be removed from the solution after 4 h of
dialysis. However, in the case of un-dialyzed solutions, Ag nanoparticles can be
formed and the size of these nanoparticles increases with the complexation time;
in fact, Ag precipitates from solution after approximately 22 days of
complexation. The treatment of the G4OH-(Ag+)60 solution with NaBH4/NaOH
speeds up the formation of Ag nanoparticles substantially.



Approximately 15% and 60% of Ag remained in solution even after 1 day of
dialysis when G4OH-(Cu0)-2Ag+ nanocomposites were prepared using the 7-3
and 7-3-7 methods, respectively.

The EOB values characterizing Ag/G4OH

composites prepared with the 7-3-7 method are much larger than those
characterizing the sample prepared with the 7-3 method. In both cases, however,
EOB values increase linearly with increasing the theoretical Cu/G4OH molar
ratio. Finally, nearly 100% Ag was dialyzed after approximately 7 h when Cu
was not used in the preparation routine, suggesting that the presence of Cu is
necessary for retaining Ag in the dendrimer solution.
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CHAPTER 6
SILICA-SUPPORTED GOLD/DENDRIMER NANOCOMPOSITES WITH
CONTROLLED SIZES OF GOLD PARTICLES
6.1 Introduction
Since gold has a completely filled d band and typically exhibits a very low
reactivity, the interest in this metal was low for decades. In early 80s, however, it was
shown that TiO2-supported Au nanoparticles with sizes in the 2-5 nm range are active for
CO oxidation at temperatures as low as -70C.272 Ever since, the list of chemical
reactions catalyzed by Au nanoparticles was extended to epoxidation, amination,
hydrogenation

of

hydrocarbons,

oxidation

of

alcohols,

and

CC

coupling

reactions.273,274,275 Some of these reactions require relatively large Au particles but some
(i.e., oxidation and hydrogenation) proceed with much higher rates over supported Au
nanoparticles with sizes below 2 nm, suggesting that sizes of supported Au particles must
be strictly controlled for each individual chemical process. The same is true for other
research fields where Au nanoparticles are currently used including electronics, optics,
and medicine.276-279 Therefore, extensive efforts were recently applied to the synthesis of
supported gold nanoparticles with desired dimensions and shapes.

Unfortunately,

conventional preparations techniques based on the impregnation of Au salts and high
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temperature treatments provide a limited control over Au particle sizes in solid materials
because Au easily aggregates at elevated temperatures. The use of organometallic Au
complexes as precursors gives better results,280-282 but such preparations are limited
because organometallic gold complexes are not commercially available.
The synthesis of colloidal gold nanoparticles with desired sizes and shapes in
solution and their subsequent delivery onto surfaces of solid supports could provide a
relatively simple path for the controlled fabrication of solid materials incorporating Au.
In this preparation route, the metal precursor is typically reduced in the aqueous solution
in the presence of surfactants to preserve the colloidal state of metal nanoparticles
formed.239,283,284 Among different available surfactants, poly(amidoamine) (PAMAM)
dendrimers have attracted a lot of recent attention as nanoparticle stabilizers because
these macromolecules offer a variety of functional groups for complexation of metal
cations and have interior voids which can trap and protect metal nanoparticles from
aggregation until they are delivered onto surfaces of solids. These dendrimer features
offer an opportunity to control the architecture and the size of metal nanoparticles in
solution and to maximize the uniformity of active metal sites in supported materials.
Several literature examples illustrate the successful application of this preparation
route for the synthesis of Au-dendrimer nanocomposites.

For example, Esumi et

al.68,285,286 examined the formation of Au nanoparticles in the presence of PAMAM
dendrimers with amine, sugar, methyl ester, and alkyl groups at the periphery. In all
these cases, however, nonuniform Au particles with dimensions in the 2.1 – 12.8 nm
range were formed both in the interior and on the exterior of dendrimers. Amis et
al.248,287 reported the synthesis of Au nanoparticles in the 2.0-4.0 nm range from HAuCl4
using amine-terminated PAMAM dendrimers. Crooks et al.288 described the formation
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of nearly uniform Au nanoparticles with sizes in the 1.3-1.6 nm range using PAMAM
dendrimers with both quaternary ammonium and primary amine groups on their
periphery and concluded that the Au/dendrimer ratio effects stronger the size of metal
particles formed than the dendrimer generation. Finally, Lu et al.144 managed to prepare
stable and uniform 2.7 ± 0.5 nm Au nanoparticles by reduction of HAuCl 4 with NaBH4
in the presence of hydroxyl-terminated PAMAM dendrimers.
In the majority of these examples, aqueous solutions of HAuCl4 and a dendrimer
were mixed for a short period of time (i.e., 2-5 min) before the mixture was further
treated with a reducing agent, assuming that Au-dendrimer interactions are quick.
Therefore, any detailed information related to the extent of Au complexation and type of
Au/dendrimer interactions can hardly be found in these reports. Only few reports include
at least some data revealing the possible nature of Au/dendrimer interactions.

For

example, since the AuCl4- aqueous solution loses its yellow color immediately upon
mixing with the PAMAM-NH2 solution, it has been suggested that protonated terminal
groups of PAMAM-NH2 dendrimers (pKa ~ 9.7) interact with AuCl4- species
electrostatically.289-291

In other reports, changes in FTIR spectra were used as an

indicator of Au-dendrimer interactions. More specifically, Imae et al.61 have suggested
that shifts in the position of amide II and amide III bands indicate conformational
changes of the G4NH2 dendrimer due to interactions with Au particles. Furthermore,
since UV-vis spectra of HAuCl4 aqueous solutions have LMCT (ligand-to-metal charge
transfer) bands at approximately 290 nm and the absorbance in this region increases in
the case of Au/G5NH2 solutions, the formation of ion pairs between G5NH2 and AuCl4has been suggested.251,289,291 Finally, there are several reports suggesting that hydroxylterminated PAMAM dendrimers are capable of reducing Au cations in solution.162,286,292
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While these examples provide at least some indications of Au/dendrimer
interactions, there is no a strong consensus on the type of Au/dendrimer interactions
involved.

It also remains unclear if the desirable complexation of gold with the

dendrimer interior indeed takes place and leads to the formation of small and stable Au
nanoparticles within the dendritic moieties. Moreover, only few attempts were made to
prepare solid catalytic materials on the basis of gold-dendrimer nanocomposites. For
example, when (Au55)/G4-NH2 nanocomposites were deposited onto the surface of TiO2,
the average size of supported Au particles was on the order of 2.0 nm.288 In the material
thus formed, Au nanoparticles remain to be capped by the dendrimer and further
treatments at elevated temperatures (approximately 400C) in oxygen/hydrogen
atmospheres are required to remove the dendrimer component.197 However, such harsh
thermal treatments are known to lead to a significant sintering of Au.293
To avoid such complications, Chandler et al.237 have demonstrated a different
approach which is based on the extraction of Au nanoparticles from Au/dendrimer
nanocomposites into the organic phase with thiols, which can be further removed from
the surface of supported Au particles under relatively mild conditions. This preparation
route allows for a better control over the size of Au particles during thermal treatments
while maintaining relatively narrow particle size distributions. For example, average
sizes of Au particles extracted from Au/G5OH nanocomposites and supported on TiO2
were found to be on the order of 3 nm and remained nearly unchanged when thiols were
removed under the flow of H2/N2 at 290C for 16 h.237 As a result, Au/TiO2 samples
prepared via this route were found to be active for CO oxidation.237
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Alternatively,

Somorjai

et

al.294

have

demonstrated

that

Au/G4OH

nanocomposites with average sizes of Au particles on the order of 2 nm can be loaded
intact onto the surface of the SiO2 support, yielding the solid material with leachingresistant properties that can be further used as a catalyst for liquid-phase reactions. In
this particular case, it was even possible to transfer liquid phase reactions from the batch
to flow mode without jeopardizing the catalytic performance of this material. While this
literature example persuasively demonstrates potential advantages of supported
Au/dendrimer nanocomposites as heterogeneous catalysts for liquid phase reactions, it
also provides a strong motivation for better understanding the Au-dendrimer solution
chemistry, because Au-dendrimer interactions can be advantageous in tuning the size and
chemical properties of Au nanoparticles in the resulting nanocomposites.
In this paper, we examine the use of Au-G4OH nanocomposites for the
preparation of Au-G4OH/SiO2 solid materials. We have shown previously the effect of
preparation conditions (i.e., solution pH, dialysis, and Rh/dendrimer ratio) on the extent
of Rh-G4OH complexation and sizes of Rh particles formed in supported materials.
Therefore, our intension is to determine if the knowledge gained from the Rh-G4OH case
can be extended to the inherently more complex Au3+-G4OH system.

While the

synthesis of supported Au nanoparticles via the dendrimer route has already been
reported in the literature,237,295 there is no literature reports targeting specifically auto
reduction of Au cations by dendrimers and, therefore, the growth of Au particles. More
specifically, the goal of this work is to explore the solution chemistry in the presence of
both Au3+ and G4OH PAMAM dendrimers, determine how the extent of the Au3+
complexation and reduction by the dendrimer depends on the solution conditions, and
examine how these conditions affect sizes of the Au particles formed in solution and in
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final supported materials. New results reported in this paper highlight the influence of
the solution pH on the strength of the Au-dendrimer interactions and sizes of Au
nanoparticles finally formed, explore in detail the kinetics of Au3+ reduction by the
dendrimer in absence of any reducing agents, and ultimately help to optimize the
preparation conditions for the synthesis of Au nanoparticles with specific dimensions on
the SiO2 support.
6.2 Experimental
6.2.1 Reagents and materials
Fourth generation hydroxyl- and amine-terminated poly(amidoamine) (PAMAM)
dendrimers (further denoted as G4OH and G4NH2, respectively) were purchased as a 10
wt.% solution in methanol (Dendritech). Prior to further use, methanol was removed
under N2 flow at room temperature and 0.42 mM G4OH and 0.18 mM G4NH2 aqueous
solutions of dendrimers were prepared and stocked. Water purified to 18.2 MΩ∙cm was
used to prepare all aqueous solutions.

Hydrogen tetrachloroaurate(III) trihydrate

(HAuCl4∙3H2O) (99.99% purity, Alfa Aesar), n-methylacetamide (≥99% purity, SigmaAldrich), propanol (≥99% purity, Alfa Aesar), 2-propanol (99.7% purity, Alfa Aesar),
and triethylamine (99% purity, Alfa Aesar) were used as received. 0.1 N NaOH and 0.45
N HCl solutions were prepared from 5 N NaOH (Reagents, Inc.) and 37% HCl (BDH
Aristar) and further used for pH adjustments. A commercial powdered SiO2 support
(Evonik) with a BET surface area of 148 m2/g was used as supplied.
6.2.2 Preparation of Au-dendrimer nanocomposites
The strategy used for the preparation of Au-dendrimer nanocomposites with
variable Au/dendrimer molar ratios was similar to that reported elsewhere.296

In each

case, G4OH (0.42 mM, 290 l) and G4NH2 (0.18 mM, 3 ml) PAMAM dendrimer stock
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solutions were mixed with an appropriate amount of a HAuCl4 (2.4∙10-2 M) stock
solution and diluted to the volume of 6 ml to yield Au-dendrimer nanocomposites with a
fixed concentration G4OH (0.12 mM) and G4NH2 (0.09 mM) dendrimers but variable
Au/dendrimer molar ratios.

Each mixture was then stirred in opaque flask for an

extended period of time (as specified in the text) to allow the complexation of Au3+
cations with the functional groups of the dendrimer. For simplicity, the nanocomposites
formed during this step are denoted as Aux/G4OH, where x is the nominal Au/dendrimer
molar ratio. The pH of these solutions was measured and the extent of Au-dendrimer
interactions was monitored by UV–vis at specific time intervals. When a pH adjustment
strategy was employed, the solution pH was adjusted to a desired value at the beginning
of the Au-dendrimer interaction process by adding 0.1 N NaOH or 0.45 N HCl solutions
in appropriate amounts to the mixture.
6.2.3 Preparation of supported samples
Supported samples were prepared by slurrying a Au5/G4OH solution that was pH
adjusted to 7 with the SiO2 support. After approximately 1 h of stirring, the solid was
removed by filtration and dried over night at room temperature. Based on the elemental
analysis, the loading of Au in the final material was approximately 1.5 wt.%.
6.2.4 Atomic absorption spectroscopy
A Perklin Elmer (AAnalyst 400) atomic absorption spectrometer was used to
quantify the concentration of Au in solutions. Calibration standards were prepared from
a stock solution of 1.0 g/L Au in 5% HCl (Aldrich) and the calibration curve obtained
was verified with an independent second standard solution of 1.0 g/L Au in 2% HNO3
(EMD Chemicals). All solutions were stored in amber glass volumetric flasks for light
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protection. Before measurements, all solutions were diluted 100 times with 5% HCl to
reach the 0-5 mg/L range of Au concentrations.
6.2.5 UV-vis spectroscopy
UV-vis spectra were collected at room temperature using a Shimadzu UV2010PC spectrophotometer and quartz cells with a path length of 10 mm. All samples
were scanned in the 190–800 nm range at 0.5 nm steps. Water purified to 18.2 MΩ∙cm
was used as the reference for all measurements.
6.2.6 STEM measurements
STEM images were recorded using a JEOL-2100F instrument equipped with a
CEOS aberration corrector on the illuminating optics and operating at 200 keV.
Typically, a small quantity of each powder sample was placed on a carbon-coated 200
mesh copper grid and the sample was imaged without any further preparation. In the
case of liquid samples, a drop of the solution was placed on the copper grid and dried
under vacuum for approximately 10 min before imaging.
6.3 Results and discussion
6.3.1. General properties of Au/dendrimer solutions
Consistent with previous literature reports describing the solution chemistry of
chemical compounds incorporating amine groups,297 the main pH-determining
equilibrium for the aqueous solution of the G4OH PAMAM dendrimer is the interaction
of the tertiary amine groups (pKa=6.1) with water molecules, leading to their protonation
and release of hydroxyls. As a result, a 0.42 mM G4OH PAMAM dendrimer stock
solution (colorless) is basic with a pH value of approximately 9.3. In contrast, a HAuCl 4
precursor is a relatively strong acid that fully dissociates in aqueous solutions.
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Consequently, a 2.4·10-2 M HAuCl4 stock solution (bright yellow) is strongly acidic with
a pH value of approximately 1.6.
When appropriate amounts of these solutions were mixed together to create
desirable Au/dendrimer ratios, changes in a color of the resulting mixtures from bright
yellow to colorless were immediately noticeable for all ratios examined. These initially
observed color changes can be associated with Au/dendrimer interactions, which include
the acid-base and complexation components. It is well known that [AuCl4]- species
undergo hydrolysis in aqueous solutions to form [AuClx(OH)4-x]- species, the
composition of which depends on the solution pH. The [AuCl3(OH)]- species dominate
in solution at pH=3, while [AuCl(OH)3]- are mainly formed when the solution pH is
approximately 7.298 It has also been shown that various [AuClx(OH)4-x]- species have
different LMCT (ligand-to-metal charge transfer) bands in UV-vis spectra,298 indicating
that their optical properties are quite different. Since the enhanced hydrolysis of [AuCl4]species in the presence of basic G4OH is inevitable, it can explain color changes initially
observed.
To better understand the nature of Au-dendrimer interactions, the solution pH was
monitored as a function of time. Results of these measurements are summarized in Table
6.1 along with projected initial pH values which were calculated for each mixture
assuming that no other interactions occur in solution between the HAuCl4 and G4OH
PAMAM dendrimer species except the acid-base interactions between protons from the
HAuCl4 solution and tertiary amines in the dendrimer structure.296 The results obtained
clearly show that the calculated initial pH values of all examined solutions are
significantly larger than the initial pH values measured experimentally, indicating that
the chemistry of these solutions is not limited to the acid-base interactions.
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The

enhanced hydrolysis of [AuCl3(OH)]- species in the presence of G4OH is an additional
process that takes place in solution upon mixing of reactants and affects the solution
acidity. Since the degree of hydrolysis increases with the solution pH and is expected to
lead to [AuCl(OH)3]- species at pH of approximately 7, one can calculate that this
process yields maximum two protons per one molecule of the gold precursor. When
protons released as a result of such hydrolysis are also accounted for acid-base
interactions, the projected initial pH values are expected to be 6.8 and 6.3 for solutions
with Au/G4OH ratios 5 and 10, respectively. Therefore, it becomes evident that even
when changes in pH induced by hydrolysis are accounted for, calculated initial pH values
are still more than one pH unit higher than the initial pH values measured
experimentally, suggesting that hydrolysis alone cannot explain the observed differences
in pH values.
We have shown previously that the solution pH can be used to monitor the
complexation of Rh3+ aqua complexes with G4OH PAMAM dendrimer molecules.296
Moreover, EXAFS data reported for Rh3+/G4OH nanocomposites strongly suggest that
the concerted chelation of Rh3+ aqua complexes with the protonated tertiary amines leads
to their deprotonation and release of protons.70 As a result, the theoretical pH values
calculated for different Rh/dendrimer ratios were found to be significantly larger than the
initial pH values measured experimentally, strongly suggesting that the chelation is a
primary process affecting the acidity of metal/dendrimer solutions.
In the case of Au3+ aqueous solutions, however, the anionic [AuClx(OH)4-x]complexes are expected to interact with protonated tertiary amines of the G4OH
dendrimer electrostatically and this process should not affect the solution acidity, since
no covalent bonds (the formation of which would be the driving force for deprotonation
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of tertiary amines in the dendrimer structure) are formed in such a case.299 In contrast to
this expectation, significant differences between projected and experimental initial pH
values were observed, suggesting that Au-G4OH interactions are not only electrostatic in
nature. Furthermore, since Au/G4OH and Rh/G4OH solutions exhibit the same type of
pH changes, one can suggest that the nature of metal/dendrimer interactions in these two
cases is somewhat similar. Therefore, we can infer that G4OH PAMAM dendrimer
molecules are capable of complexing at least some Au species and this process leads to
deprotonation of tertiary amines and substantially influences the pH of resulting
solutions.
Some differences in properties of Au/G4OH and Rh/G4OH solutions were also
noticeable. For example, the pH data reported elsewhere296 for solutions with different
Rh/G4OH ratios show that the complexation process is relatively slow and lasts for
approximately 23 h. In contrast, the pH of all Au/dendrimer solutions equilibrates within
the first several minutes and remains nearly unchanged thereafter (Table 6.1). This result
indicates that all events associated with initial Au-G4OH interactions and leading to a
release of protons are relatively fast. Moreover, the color of solutions with Au/G4OH
ratios 5, 10, 20, and 30 turned wine-red, while the solution with an Au/dendrimer ratio 60
acquired a deep blue color after approximately 15 min. The formation of precipitates
was also noticeable in solutions with Au/G4OH ratios 30 and 60. Similar color changes
were observed previously when Au/dendrimer solutions were treated with reducing
agents, such as hydrazine for example, and attributed to the formation of zero valent Au
species.239 By analogy, it is evident that reduction of Au species takes place in all
Au/G4OH solutions examined herein, but this process occurs without any additional
reducing agents being present. This could be possible only if the initial Au-G4OH
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Table 6.1 pH values characterizing aqueous solutions with different nominal
Au/dendrimer ratios.

Nominal

HAuCl4

Au/dendrimer concentration

G4OH dendrimer
concentration

Initial pH of solution
Experimental Calculated

Final
pH

ratio

(mM)

(mM)

5

0.10

0.02

5.6

7.3

5.6

10

0.20

0.02

4.2

6.9

4.2

20

0.41

0.02

3.8

6.5

3.8

30

0.61

0.02

3.4

6.2

3.4

60

1.22

0.02

3.1

4.8

3.1
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interactions are followed by redox reactions, yielding reduced Au species and dendrimer
fragments/structures incorporating oxidized functional groups that are responsible for
these reactions.
6.3.2 UV-vis spectra
UV-vis spectroscopy is a useful tool that allows monitoring in situ whereabouts
of Au3+ species. The UV-vis spectrum of the G4OH aqueous solution is characterized by
a weak absorption band at 285 nm originating from non-protonated tertiary amines in the
dendrimer structure (Fig. 6.1).300

The HAuCl4 aqueous solution also exhibits the

absorption band at approximately 280 nm assigned previously to LMCT transitions in
[AuClx(OH)4-x]- complexes (Fig. 6.2).298 When these solutions are mixed together, the
absorbance increases in the 280-285 nm region and the surface plasmon resonance (SPR)
peak appears in the 530-540 nm region for all Au/G4OH molar ratios examined (Fig.
6.3).

The appearance of the SPR band is consistent with the formation of Au

nanoparticles with dimensions exceeding 2 nm on average.301 Since reducing agents
were not used to treat this mixture, it becomes evident that the reduction of Au3+ ions to
Au0 takes place via a mechanism in which the G4OH dendrimer operates as a reductant.
From data shown in Fig. 6.4, it is further evident that properties of absorption bands at
285 and 535 nm are somewhat similar. The intensity of both bands rapidly increases
during the first hour but this process slows down significantly thereafter. As far as the
behavior of the SPR band is concerned, the observed pattern is fully consistent with the
initial rapid aggregation of Au0 that slows down significantly when the concentration of
non-aggregated Au0 species depletes in solution.
In contrast, the assignment for the absorption band at 285 nm is not
straightforward even though its appearance in UV-vis spectra of Au/dendrimer solutions
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Figure 6.1 UV-vis spectrum of 0.02 mM G4OH aqueous solution.
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Figure 6.2 UV-vis spectrum of 0.20 mM HAuCl4 aqueous solution.
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Figure 6.3 UV-vis spectra of (A) Au5/G4OH (B) Au10/G4OH and (C) Au20/G4OH
aqueous solutions collected after (1) 5 min, (2) 15 min, and (3) 1 h.
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is well documented in the literature.239,289,302 Since UV-vis spectra of G4OH and HAuCl4
aqueous solutions exhibit absorption bands in the 280-285 nm region, these bands can
potentially overlap when both solutions are mixed together, yielding a spectrum with a
stronger absorbance in this region.

However, the probability for such an event is

extremely low because the acidity of the resulting mixture is significantly different from
that of G4OH and HAuCl4 aqueous solutions and the current assignments of the UV-vis
bands in each individual case strongly suggests that the changes observed in the solution
acidity would rather lead to a decrease in absorbance in the 280-285 nm region.300,303
It has been reported that oxidation of PAMAM dendrimers by (NH4)2S2O8 leads
to a strong UV-vis absorbance at approximately 290 nm.304 Consequently, UV-vis bands
observed in the 280-290 nm region of Au/dendrimer solutions have been frequently
associated with the presence of carbonyl compounds (i.e., aldehydes) which are formed
when dendrimer molecules are oxidized by Au salts.239,285 In the case of the G4OH
dendrimer, such compounds can be formed if OH groups at the dendrimer periphery are
oxidized by Au3+ to form dendrimers with aldehyde functional groups at the periphery
(reaction 1) or the oxidative cleavage of the R2N-C bonds in the dendrimer backbone
takes place and leads to a release of aldehydes and secondary amines (reaction 2).

From the flat portion of curves shown in Fig. 6.4, it is further evident that the absorbance
values for the UV-vis band at 285 nm are approximately 0.6, 1.2, and 2.0 for Au/G4OH
solutions with molar ratios 5, 10, and 20, respectively. These data clearly show that the
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Figure 6.4 Development of bands at 285 (A) and 535 nm (B) as a function of time in UVvis spectra of Au/G4OH aqueous solutions with molar ratios (1) 5, (2) 10, and (3) 20.
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absorbance at 285 nm doubles with a twofold increase in Au concentration. In all these
Au/G4OH solutions, the dendrimer has a large excess of functional groups capable of
participating in redox reactions with Au3+. Therefore, for any types of stoichiometric
redox reactions occurring between G4OH and Au3+ and leading to the reduction of Au
and formation of carbonyl compounds, the concentration of the latter should be
proportional to the amount of gold used as an oxidizer. Since our absorbance data show
such correlations and literature reports also indicate that aliphatic aldehydes such as
propionaldehyde, isobutyraldehyde, and pivalaldehyde exhibit UV-vis bands in the 283285 nm region,305 one could suggest that the band at 285 nm indeed originates from the
carbonyl compounds formed in redox reactions.
To verify this suggestion, the concentration of carbonyls presumably formed in
solutions with different Au/G4OH ratios was estimated from UV-vis data, assuming that
the band at 285 nm originates entirely from such species and their extinction coefficients
are not much different from those of aliphatic carbonyl compounds (i.e., approximately
20 M-1 cm-1 on average).305 While our estimates show that approximately 30, 60, and
100 mM of carbonyls should be formed in solutions with Au/G4OH ratios 5, 10, and 20,
respectively, these concentrations are not realistic because they are more than 200 times
larger than the theoretical maximum allowed by the stoichiometry of reactions 1 and 2.
Therefore, we can safely conclude that the contribution of aldehydes, which could be
formed in described above redox reactions, to the overall absorbance at 285 nm is very
small.
Since our data show similar growth patterns for the 285 nm and SPR bands, it is
more likely that the former band also represents Au particles that are formed in solution
and stabilized by dendrimer molecules. Therefore, the band at 285 nm could be the
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LMCT type band that reflects interactions of dendrimer molecules with either the surface
of large metal particles or individual Au clusters that are not aggregated in large particles
yet.306
6.3.3 Nature of functional groups responsible for reduction of Au
Together with observed color changes, our UV-vis data clearly show that initial
[AuClx(OH)4-x]-/G4OH interactions are followed by the reduction of Au ions and
aggregation of reduced Au species thus formed into metal particles. This result is
consistent with previous literature reports, indicating that OH-terminated PAMAM
dendrimers are capable of reducing Au ions.162,302,307 However, explanations provided in
these literature reports are focused on terminal hydroxyls, which are believed to
participate in the reduction process.286,292 It is also notable that all citations supporting
such an idea can be traced back to a single paper that demonstrates that fragments of
saccharides attached to the periphery of PAMAM dendrimers effectively reduce Au3+
ions.286,292 At the same time, it remains uncertain if the results reported for sugarmodified dendrimers can be applicable to the G4OH dendritic system because chemical
properties of polyol groups of saccharides are quite different from that of hydroxyls in
alcohols.
To clarify the nature of functional groups responsible for the reduction of Au,
interactions of [AuClx(OH)4-x]- species with n-methylacetamide, propanol, 2-propanol,
and triethylamine were examined by UV-vis.

In these experiments, the HAuCl4

concentration was maintained at 0.1 mM, while the amount of each chemical compound
chosen for the treatment was adjusted appropriately to create a concentration of desired
functional groups in solution similar to that existing in the Au/G4OH mixture with a
molar ratio of 5. The intension was to monitor interactions of Au3+ species with only one
169

type of functional groups (i.e., amide, terminal hydroxyls, or tertiary amines) existing in
the G4OH PAMAM dendrimer structure and determine precisely which of these
functional groups participate in the reduction process.
When n-methylacetamide, propanol, or 2-propanol were used, no detectable
changes in UV-vis spectra were observed for an extended period of time (i.e., 6 h),
suggesting that neither amides nor hydroxyls are capable of reducing Au3+ ions
efficiently at room temperature. In contrast, when triethylamine was used, the SPR peak
clearly appeared in UV-vis spectra (Fig. 6.5), consistent with reduction and aggregation
of Au. This result strongly suggests that tertiary amines in the dendrimer structure are
responsible for the reduction of Au species.
To verify this suggestion further, additional experiments with the G4NH2
dendrimer and Au/G4NH2 molar ratios 5, 10, and 20 were performed. UV-vis results
summarized in Fig. 6.6 show the absence of the SPR peak in the 530-540 nm region for
Au/G4NH2 molar ratios 5 and 10 during the extended period of time (i.e., 24 h). In
contrast, the SPR peak at 535 nm quickly appears for the Au/G4NH2 ratio 20, rapidly
grows in intensity during first 5 h, and roughly levels thereafter (Fig. 6.7). Similar to the
case of Au/G4OH, the observed pattern is consistent with reduction of Au and rapid
aggregation of reduced species thus formed into particles with dimensions exceeding 2
nm on average.308

Since all 64 primary amines in the G4NH2 structure are fully

protonated in aqueous solutions at pH < 7.5,109 it is expected that these functional groups
located at the dendrimer periphery will interact electrostatically with anionic
[AuClx(OH)4-x]- species in the first place. While it remains unclear if primary amines of
G4NH2 are also capable of reducing Au3+ ions at room temperature, the absence of the
SPR peak in the case of Au/G4NH2 ratios 5 and 10 strongly suggests that the interaction
170

Figure 6.5 UV-vis spectra of 0.1015 mM HAuCl4/1.2586 mM N(C2H5)3 aqueous solution
after (1) 1.5 h, (2) 2 h, and (3) 6 h.
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Figure 6.6 UV-vis spectra of Au/G4NH2 aqueous solutions with molar ratios (A) 5 and
(B) 10 collected after (1) 5 min, (2) 3 h, and (3) 24 h.
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Figure 6.7 UV-vis spectra of Au20/G4NH2 aqueous solution collected after (1) 2 h, (2) 3
h, (3) 5 h, (4) 24 h.
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of Au with the G4NH2 dendrimer periphery prevents the aggregation process at relatively
low Au/dendrimer ratios if the reduction process were to occur. Most likely, the majority
of Au species in this case are located at the dendrimer periphery and their diffusion into
the dendrimer interior is limited. At higher Au/G4NH2 ratios, however, a substantial
portion of Au3+ ions appears in the dendrimer interior and undergoes reduction by
tertiary amines with subsequent aggregation into metal particles. Since the periphery of
the G4OH dendrimer is not capable of complexing [AuClx(OH)4-x]- ions, most of these
species reside in the G4OH interior, where they undergo reduction by tertiary amines and
aggregation.

This explains as to why the aggregation of Au was observed for all

Au/G4OH molar ratios and only for relatively high ratios in the Au/G4NH2 case.
6.3.4 Summary of events occurring in Au/G4OH solution
The experimental results described so far allow assembling the sequence of
events occurring in the Au/G4OH solution and yielding reduced Au species. Initially,
when the basic solution of the partially protonated G4OH dendrimer is mixed with the
acidic solution of the HAuCl4 precursor, acid-base interactions take place. As a result,
both the degree of G4OH protonation and hydrolysis of [AuCl3(OH)]- species increase.
The [AuCl(OH)3]- complexes thus formed interact electrostatically with protonated
tertiary amines in the dendrimer interior and this process leads to the formation of Audendrimer ion pairs. The close proximity of [AuCl(OH)3]- species to protonated tertiary
amines in the dendrimer structure initiates the complexation process that leads to
deprotonation of tertiary amines and formation of Au3+/G4OH complexes. By analogy
with what is known for Rh3+/G4OH solutions,296 [AuCl(OH)3]- species most likely lose
the remaining chlorine ligands upon complexation. In contrast to Rh3+ ions, however,
nearly all known Au3+ complexes are 4 coordinate and square planar in nature,309
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suggesting that Au3+/G4OH complexes finally formed in the dendrimer interior most
likely retain the square planar geometry. The life time of these complexes is evidently
short due to the reduction of Au cations by the dendrimer. It has been shown previously
that amines of different nature can reduce Au3+ ions to Au0 only when their oxidation
potentials fall within the range of reduction Au3+/Au0 (0.853 V) and oxidation Au0/Au+
(1.425 V) potentials characteristic for the Au system.310 Consistent with these findings,
our experiments clearly show that Au3+ cations can be effectively reduced to Au0 by
triethylamine because the oxidation potential of these species is approximately 1.08 V.310
While the oxidation potential of tertiary amines in the G4OH structure is largely
unknown, cyclic voltammetry measurements performed with structurally similar
polypropylene imine (PPI) dendrimers show voltammetric responses from branching
tertiary amines in the 0.7-1.0 V range,311 indicating that tertiary amines in different
chemical structures exhibit quite similar redox properties. Therefore, we can infer that
the transfer of electrons from G4OH tertiary amines to Au3+ cations yields completely
reduced Au species, as no absorption bands expected from isolated Au+ (190 nm) or
aggregated (Au+)n intermediates (250 and 340 nm) were observed in UV-vis spectra.312314

When Au3+ cations are reduced by tertiary amines in the G4OH dendrimer
interior, their nucleation leads to a growth of gold particles, suggesting that the
dendrimer itself acts as a reductant for Au ions and as a stabilizer for finally formed Au
particles. While solutions with Au/G4OH ratios 5 and 10 were fairly stable for an
extended period of time, properties of solutions with higher Au/G4OH ratios were
different. For example, UV-vis spectra collected for the Au20/G4OH solution (Fig. 6.8)
show the SPR band initially observed at 540 nm acquires a shoulder at 600 nm after
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Figure 6.8 UV-vis spectra of Au20/G4OH aqueous solution collected after (1) 10 min, (2)
30 min, (3) 40 min, (4) 1 h, (5) 3.5 h and (6) 24 h.
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approximately 3.5 h that continues to develop as a function of contact time. These data
strongly suggest that irregular shaped (i.e., elongated) Au particles are formed alongside
of spherical ones in this solution.300,315 Solutions with higher Au/G4OH ratios (i.e., 30
and 60) quickly precipitate, but some Au particles still remain in the supernatant, as
evidenced by a single SPR peak at 530 and 540 nm in UV-vis spectra, respectively (Fig.
6.9). Precipitation observed for Au/G4OH ratios 30 and 60 indicates that sizes of some
Au particles formed in these solutions are fairly large and neither dendrimer interior nor
exterior forms of their stabilization are possible.
Alternatively, we cannot rule out completely a possibility that a certain fraction of
G4OH molecules is chemically altered due to participation in redox reactions with Au
ions, yielding aldehydes (reactions 1 and 2).

Since aldehydes are relatively strong

reducing agents,316 they can also participate in redox reactions with Au3+ ions to form
carboxylic acids (reaction 3).

It is further expected that carboxylic acids and aldehydes formed in reactions 1-3 can
undergo condensation with either tertiary or secondary amines to yield large 3D proteinlike domains in solution.317 When these domains reach a critical size, their sedimentation
and precipitation become inevitable and this could also explain the formation of
precipitates in solutions.
6.3.5 Sizes of Au particles
It has been reported previously that sizes of Au particles formed in solution can
be determined precisely from UV-vis spectra using the intensity of the SPR band and its
local minimum at approximately 450 nm.318 In essence, this method allows monitoring
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Figure 6.9 UV-vis spectra of the supernatant from precipitated Au/G4OH aqueous
solutions with molar ratios (1) 30 and (2) 60.
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in situ changes in sizes of metal particles as a function of time when time resolved UVvis spectra are available. Fig. 6.10 provides an example of such data for most stable
Au/G4OH solutions with molar ratios 5 (pH=5.6) and 10 (pH=4.2). In both cases, a
rapid growth of Au particles is observed during the first hour after mixing the reactants,
but the process slows down significantly thereafter. This pattern clearly shows that
tertiary amines in the G4OH interior are relatively strong reducing agents. As a result,
only a short period of time is required for reduction of Au ions and nucleation of reduced
Au species thus formed. Furthermore, since both of these solutions were found to be
stable, it is evident that G4OH molecules effectively stabilize Au particles initially
formed in solution and protect them from further aggregation. At least in part, this could
explain the change in aggregation rates observed in Fig. 6.10 for both solutions.
However, it also possible that the slow growth of Au particles observed after 1 h could be
related to the lack of reduced Au species that are remaining free in solution at that point.
Average sizes of Au particles formed in Au5/G4OH and Au10/G4OH solution after 24 h
were found to be 6.7 and 9.6 nm, respectively.

Consistent with other literature

reports,61,251,296 this result one more time shows that sizes of metal particles can be
controlled to some extent by the metal/dendrimer ratio. In the case of Au5/G4OH and
Au10/G4OH solutions, however, dimensions of Au particles formed are substantially
larger than the size of G4OH molecules (4.5 nm), indicating that Au particles are not
encapsulated by the dendrimer but their interdendrimer stabilization maintains the
colloidal state of these solutions.
To determine if the growth of Au particles in Au/G4OH solutions can be
controlled, additional experiments with pH adjusted solutions were performed. Results
presented in Fig. 6.11 provide a comparison of Au particle sizes as a function of contact
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Figure 6.10 Sizes of Au particles formed in Au/G4OH aqueous solutions with molar
ratios (1) 5 and (2) 10 as a function of time.
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Figure 6.11 Sizes of Au particles formed in pH adjusted Au5/G4OH aqueous solutions as
a function of time: (1) pH=3, (2) pH=5, and (3) pH=7.
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time for the Au5/G4OH solution at different pH values. When the solution pH was
immediately adjusted to 3 after mixing the reactants, Au particles with dimensions on the
order of 5 nm were formed during first 30 min. Dimensions of these particles continue to
increase with time and reach 13 nm at the end of measurements. In contrast, when the
Au3+/G4OH solution pH was adjusted to 7, stable Au particles with sizes on the order of
2 nm were formed. When these data are further combined with those acquired for the
Au/dendrimer mixture (pH=5.6) for which no pH adjustments were performed, it
becomes evident that the size of Au particles decreases significantly with the Au/G4OH
solution acidity. In fact, the observed pattern clearly demonstrates that the growth of
metal particles in Au/G4OH nanocomposites can be effectively controlled by the solution
pH.
It is noteworthy that some other properties of Au/G4OH solutions are also
different at various pH values.

For example, the speciation of [AuClx(OH)4-x]-

complexes gradually changes from [AuCl3(OH)]- to [AuCl(OH)3]- in the investigated
range of pH due to pH-dependent hydrolysis of HAuCl4.319 The degree of tertiary amine
protonation is expected to be 100% at pH=3, but it drops to approximately 10% at
pH=7.109 Moreover, it has been reported that the conformation of PAMAM dendrimers
changes significantly with the solution pH.115 For example, at high pH values, the
dendrimer assumes a dense core structure with a maximum density at the dendrimer core
and uniform void spacing. However, a dense shell structures are formed at low pH
values with maximum density at the dendrimer periphery but nonuniform void spacing.
While all these aspects could influence processes occurring in the Au/G4OH solution at
different pH values, the extent of their contribution could be different.
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It has been shown previously that the reduction of aqueous HAuCl4 by ascorbic
acid yields colloids with an average size of Au particles of approximately 18 and 26 nm
at pH 3 and 6.2, respectively.319 The observed difference in particle sizes was attributed
to various reduction rates of [AuCl3(OH)]- and [AuCl(OH)3]- species dominating in
solution at these pH values. Since the reduction potential of [AuCl3(OH)]- is higher than
that of [AuCl(OH)3]- by 0.07 V, it has been suggested that faster reduction of the former
species facilitates their quick nucleation and smaller metal particles are formed. In
contrast to these expectations, the results acquired for Au5/G4OH solutions clearly show
the formation of larger Au particles at pH=3 than at pH values 5.6 and 7, consistent with
relatively slow reduction of Au ions and nucleation of reduced species under acidic
conditions. Therefore, it is feasible that the Au speciation and any differences existing in
reduction potentials of Au species are not quite critical for sizes of Au particles formed in
Au/G4OH solutions.
Since all tertiary amines in the G4OH interior are protonated at pH=3 and the
dendrimer assumes a dense shell structure, the dendrimer interior is fairly opened and
easy accessible for Au ions.115 Therefore, electrostatic interactions between protonated
tertiary amines and [AuCl3(OH)]- ions, dominating the speciation of aqueous HAuCl4 at
pH=3, are expected to be maximized in this case. As a result, all Au ions could be
quickly driven into the dendrimer interior by electrostatic forces where their
complexation and subsequent reduction take place. In acidic solutions, however, the
Au3+/dendrimer complexation process is expected to be relatively slow because the high
concentration of free protons impedes deprotonation of tertiary amines.

Since the

complexation and reduction processes are directly related to each other, the reduction of
Au ions in strongly acidic Au/G4OH solutions is also slow and relatively large Au
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particles are formed.

This conclusion is further reinforced by literature examples

demonstrating that slow reduction rates typically favor the formation of fairly large Au
aggregates.320 Furthermore, when the dendrimer interior is fairly opened at low pH
values, the dendrimer is not capable of effectively trapping Au particles. As a result, Au
particles initially formed in the dendrimer interior are quickly released into solution
where they undergo further aggregation, consistent with our experimental observations.
As the solution acidity decreases, more non-protonated tertiary amines appear in the
dendrimer interior.109

These naked functional groups have no restrictions for

complexation of Au species and exhibit a higher reducing power than protonated tertiary
amines, suggesting that the reduction process is accelerated in solutions with higher pH
values. Moreover, as the solution acidity declines, the dendrimer interior becomes more
crowded due to conformational changes described above, enabling more efficient
trapping of Au particles. Therefore, a progressive decrease of Au particle sizes observed
for solutions with higher pH values is the consequence of fast Au reduction coupled with
better stabilization of Au particles by the dendrimer. Taking into account sizes of Au
particles formed in Au5/G4OH solutions at different pH values, we can further conclude
that modes of Au stabilization by the dendrimer are evidently different. Interdendrimer
stabilization takes place in solutions with pH values 3 and 5.6, while an intradendrimer
mode prevails at pH=7 due to the small size of Au particles (2 nm) formed in this case.
Finally, the pattern observed for pH adjusted Au5/G4OH solutions is strongly reinforced
by other literature reports, demonstrating that the fast reduction of Au ions by NaBH4
typically yields relatively small Au particles.237,248,288
To verify the size of Au particles formed in the Au5/G4OH solution at pH=7, a
small portion of this solution was deposited onto a Cu grid coated with a carbon film,
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dried under vacuum, and imaged by STEM. Large spherical aggregates with sizes of
approximately 80 nm observed on STEM images (Fig. 6.12A) represent the G4OH
PAMAM dendrimer, molecules of which aggregated and formed large globular
structures upon solvent removal to maintain the low surface tension. The formation of
similar dendrimer structures was observed previously when PAMAM dendrimer
solutions were imaged by AFM.321-323 From STEM images shown in Fig. 6.12A and B,
it is also evident that dendrimer aggregates incorporate Au particles with sizes below 2
nm and such Au particles cannot be observed on other parts of the grid where dendrimer
aggregates are not present. Therefore, STEM results not only confirm the size of Au
particles estimated from UV-vis for the Au5/G4OH solution, but also show that all Au
particles are encapsulated by the dendrimer.
6.3.6 Solid materials prepared from pH adjusted Au5/G4OH
Since the results described above clearly show that solution pH adjustments help
to control sizes of Au particles in Au/G4OH nanocomposites and at pH=7 Au particles
on the order of 2 nm can be formed, our final goal was to demonstrate that Au/G4OH
nanocomposites with such sizes of metal particles can be used as precursors in
preparations of solid materials.

For this purpose, Au5/G4OH and Au10/G4OH

nanocomposites were prepared under pH controlled conditions (i.e., pH=7) and further
deposited onto the SiO2 support. Both samples were dried at room temperature and
imaged by STEM. STEM images collected for Au5/G4OH/SiO2 (Fig. 6.13) show the
presence of highly dispersed and uniform Au particles with dimensions on the order of
1.6 nm. Au particles of similar sizes were also present in the Au10/G4OH/SiO2 material
(Fig. 6.14A). In the latter case, however, larger Au aggregates with dimensions on the
order of 5 nm were also present (Fig. 6.14B). This result indicates that not all Au species
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Figure 6.12 STEM images of sample prepared by evaporation of the Au5/G4OH solution
aged for 6 h at pH=7.
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Figure 6.13 STEM images of 1% Au5/G4OH/SiO2 prepared from the Au5/G4OH solution
aged for 6 h at pH=7.
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Figure 6.14 STEM images of 1% Au10/G4OH/SiO2 prepared from the Au10/G4OH
solution aged for 6 h at pH=7.
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remain encapsulated by the dendrimer when the Au/G4OH ratio is higher than 5 and
subsequent aggregation of such species yields relatively large Au particles.
6.4 Conclusions
We have shown the effect of pH adjustments on the growth of Au nanoparticles
in Au/G4OH solutions and the eventual sizes of Au particles formed in SiO2-supported
materials prepared via a dendrimer-mediated route. Results show that the pH of all
examined Au/G4OH solutions equilibrates within the first several minutes, indicating
that all events associated with initial Au-G4OH interactions are relatively fast. The
appearance of an SPR band in UV-vis spectra of Au/G4OH solutions is consistent with
the formation of Au nanoparticles via a mechanism in which the G4OH dendrimer
operates as a reductant. UV-vis results further show that tertiary amines in the dendrimer
interior are responsible for the reduction of Au ions. The size of Au particles formed in
the Au5/G4OH solution can be effectively controlled by the solution pH. When the
solution pH is adjusted to 7, stable Au particles with sizes on the order of 2 nm are
formed.

Au5/G4OH nanocomposites with preformed Au particles can be used as

precursors for preparation of supported catalytic materials, as they can be deposited
intact on the surface of SiO2 and yield highly dispersed and nearly uniform Au
nanoparticles with dimensions on the order of 1.6 nm. However, when the Au/G4OH
ratio is higher than 5, not all reduced Au species remain in the dendrimer interior and the
subsequent aggregation of such species yields relatively large Au particles.
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CHAPTER 7
AG DIAMMINE IMPREGNATION ON OXIDES AND OXIDIZED CARBON USING
STRONG ELECTROSTATIC ADSORPTION
7.1 Introduction
Silver has drawn great interest because of its high catalytic activity for various
chemical reactions, such as the decomposition of ozone,365 NOx reduction,352,364
epoxidation of ethylene and propylene,343,366 oxi-dehydrogenation of methanol to
formaldehyde,344,346 reduction of nitrophenols,342,357 and alcohol dehydrogenation to
carbonyl compounds.353,355 Some of these reactions require relatively large Ag particles
but some (i.e., alcohol dehydrogenation to carbonyl compounds and H2–HC–SCR
hydrogenation) proceed with much higher rates over supported Ag nanoparticles with
sizes below 1 nm, suggesting that sizes of supported Ag particles must be strictly
controlled for each individual chemical process.

Therefore, extensive efforts were

recently applied to the synthesis of supported silver nanoparticles with desired
dimensions and shapes. Unfortunately, conventional preparations techniques based on
the impregnation of Ag salts and high temperature treatments provide a limited control
over Ag particle sizes in solid materials because Ag easily aggregates at elevated
temperatures.
Table 7.1 details some of the conventional preparation methods reported in the
literature for Ag nanoparticles supported on Al2O3 and SiO2, e.g., incipient wetness (IW),
wet impregnation (WI) and sol-gel. In addition, to the different methods of Ag addition,
the metal loading and subsequent calcination and reduction temperatures are also given.
A number of trends affecting the particle size of the final catalyst can be identified in
Table 7.1. First, the majority of the researchers have used AgNO3 as silver precursor and
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Table 7.1. Literature survey of preparation methods of Ag/SiO2 and Ag/Al2O3 catalysts.

Precursor / Method

Average

wt.

Particle size

%

Pretreatment

Reaction

(nm)
Ag/Al2O3 Catalysts

AgNO3 / WI

AgNO3 / WI

3

2.5

5 – 10 nm

Calcination at 500 oC in air (5 h)

5.7 nm

Calcination at 500 oC in air (5 h)

9.5 nm

CH4-SCR.353

Calcination at 500 oC in air (5 h)

SCR of NOx in the

followed by reduction in 5% H2 at

presence of EtOH.354

o

700 C
AgNO3 / Reduction of
AgNO3 by ethylene glycol in

11

the presence of PVP).

diameter: 150
nm (nanowires)

Reduction in H2 at 350 oC (3 h)

AgNO3 / IW

6

10.46

Calcination at 550 oC in air (3 h)

AgNO3 / Sol-gel

5

< 10 nm

Calcination at 600 oC in air (6 h)

Styrene
epoxidation.355
HC-SCR of NOx.356
HC-SCR (propene
and n-octane).357

Ag/SiO2 Catalysts
Calcination at 500 oC in air (2 h)
Ag(NH3)2OH / IW

2

0.8

followed by reduction at 200 oC in
3.5% H2 (2 h)

AgNO3 / Reduction of
AgNO3 with NaBH4 in the

0.5

224

presence of CTAB

Drying at 200 oC (6 h) followed by
calcination at 600 oC (6 h)

10

EXAFS: 1.5

acrolein.358
Reduction of 4nitrobenzo-15crown.359

XRD: 2.9
AgNO3 / IW

Hydrogenation of

Selective liquido

Calcination at 500 C (2 h)

phase oxidation of
benzyl alcohol.360

TEM: 2.5
Calcination in O2 at 500 oC (2 h)
4.5
AgNO3 / IW

followed by reduction at 200 oC in
H2 (1 h)

8

Low temperature

Calcination in O2 at 500 oC (2 h)
16.7

CO oxidation.361

o

followed by reduction at 500 C in
H2 (1 h)

1.4
Ag(NH3)2NO3 / WI (SBA15)

4.6

4
diameter: 6 nm

Calcination in O2 at 300 oC followed

length: 50 nm

by reduction at 300 oC in H2 (1 h)

(nanowires)
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No reaction.362

the common preparation of IW resulting to average silver particle sizes of 10.5 and
around 2.5 nm, when Ag was supported onto alumina and silica, respectively.356,360 The
majority of Ag catalysts were activated with calcination in air around 500 oC and leading
to higher dispersions compared to catalysts reduced in H2 after the calcination step.354 In
the latter case, Ag particle size increased with increasing reduction temperature.
Specifically, the average size of Ag particles of an 8 % Ag/SiO2 catalyst prepared with
IW and calcined at 500 oC, was 4.5 and 16.7 nm, when reduced at 200 oC and 500 oC,
respectively.361 The synthesis of colloidal silver nanoparticles in most cases is leading to
the formation of large Ag particles.

For instance, catalysts prepared by chemical

reduction of AgNO3 with NaBH4 in aqueous solution using cetyltrimethylammonium
bromide (CTAB) as stabilizing agent followed by impregnation of the colloidal solution
on hollow mesoporous silica, Table 7.1 shows that the average particle size of a 0.5 %
Ag/Silica catalyst was 224 nm.359
Up to now, there are only a few reports for the preparation of silver
nanostructures using Ag(NH3)2NO3 as silver precursor.347,348362

A modified IW

impregnation inspired by strong electrostatic adsorption (SEA) was reported recently in
the literature. The difference between IW and SEA was pH adjustments of the initial
AgNO3 aqueous solution to 11 using ammonium hydroxide. The final catalyst, 2%
Ag/SiO2, was calcined in air at 500 oC followed by reduction in H2 at 200 oC for 2 h and
had an average silver particle size of 0.8 nm.358

Pikus et al. synthesized silver

nanoparticles embedded on SBA-15 using WI of Ag(NH3)2+. Calcination in O2 at 400 oC
followed by reduction at 300 oC in H2 for 1 h led to relatively small silver nanoparticles
(4 nm), for low loadings (1.4 % Ag/SiO2), whereas long (50 nm) silver nanowires formed
when the loading increased to 4.6 % Ag/SiO2.362
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Several literature examples illustrate the successful synthesis of silver
nanoparticles and nanoclusters.

Among these reports of Ag nanocluster catalysts,

zeolite-supported Ag3 clusters for coupling of CH4 and C2H4 by Baba et al.,351
hydrotalcite-supported Ag for dehydrogenation of alcohols,350 and size-selected Ag
clusters for propylene epoxidation are successful examples.335 Specifically, it was shown
that size-selected clusters of Ag (Ag3 trimers), and small aggregares of the Ag trimmers
(effectively nanoparticles with a diameter of ca. 3.5 nm dispersed on amorphous alumina
films exhibit high selectivity in epoxidation of propylene to form PO.335

DFT

calculations showed that the pathway to PO included the activation of the C=C double
bond in propylene leading to the formation of the surface oxametallacycle intermediate,
which isomerizes in an elementary step to form PO. The critical advantages that make
the trimer and aggregate catalysts more selective than larger Ag particles include their
unique electronic structure, which allows them to preferentially activate the C=C double
bond in propylene (rather than allylic C-H bonds) forming oxametallacycles, and their
small size, which sterically limits their ability to activate C-H bonds in the
oxametallacycle intermediate.335 Satsuma et al. showed a detailed investigation of a
reaction mechanism of H2-HC-SCR over subnanometer-sized Ag clusters using both
experimental in situ characterizations and theoretical density functional theory (DFT)
calculations. A unique size effect and an important role of Ag clusters with hydride
species in oxygen activation are clarified.has paid attention to Ag NCs catalysts for green
and environmental applications.330

Finally, Thomas et al. synthesized Ag catalysts

supported in Al2O3 by the common impregnation technique, calcined at 600 oC for 4 h
and characterized by the NOx-TPD method. The maximum NOx uptake was observed at
Ag surface density about 0.7 Ag/nm2 Al2O3, since at this surface density maximum
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dispersion of Ag2O clusters was observed.368,369 Similarly, Kameoka et al. synthesized
supported silver catalysts using the slurry method and pretreated the samples with air at
500 oC for 2 h. The maximum values of NOx conversion to N2 for the NO + O2 + ethanol
system over these supported silver catalysts were as follows: 86% (at 400 oC on
Ag/Al2O3), 68% (at 450 oC on Al2O3), 18% (at 400 oC on Ag/TiO2), 10% (at 400 oC) and
4% (at 350 oC on Ag/SiO2). These results indicate that the NOx conversion with ethanol
strongly depends on the support and the presence of silver.375
Although the findings discussed above indicate that small Ag nanoparticles tend
to have higher selectivities for specific reaction, such as epoxidation of propylene to PO,
there are a number of questions that still need to be addressed. Strategies for the
synthesis of size-selected metal particles are inherently complex and do not lend
themselves to convenient scale-up.
One of the simplest, least expensive methods of catalyst preparation is the WI,
where an oxide support is contacted for a certain time with a liquid solution containing
the metal precursor. Afterwards the solid is recovered, dried and then heated in various
oxidizing or reducing environments in order to reduce the metal to its catalytically active
state.349 In the majority of cases, if there are no specific interactions between the metal
ions and the support, it is possible to end up with big particles. For example, in the case
of Ag, limited control over the impregnation conditions leads to the formation of
differently shaped (nanowires, spheres) Ag particles with low dispersion (Table 7.1).
However in certain circumstances when the impregnation conditions are controlled it is
possible to end up with uniform and highly dispersed metal particles. One of these
examples is the “Strong Electrostatic Adsorption” (SEA).326,327
Every oxide support has a point of zero charge (PZC) and by definition the PZC
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is the pH at which the surface is neutrally charged. Considering that the support has –
OH functional groups, when the pH of the solution is below its PZC, the hydroxyl groups
are protonated and become positively charged, and the surface can adsorb anionic metal
complexes. The same groups become deprotonated and negatively charged when the pH
of the solution is above the PZC of the oxide support, and thus positively charged species
can be adsorbed by the support.328,345 To date, the electrostatic mechanism has been
demonstrated mainly for noble metal complexes, including anionic tetrachloroplatinic
acid (and related hydrolysis complexes) over alumina, cationic Pt tetraammines over
silica.328,329,331-333,339,345 The size of the Pt nanoparticles can vary by changing in the
calcination temperature.

For instance, SEA-prepared Pt on silica catalysts, using

Pt(NH3)42+ as the metal precursor, had the highest dispersions (1.0) at low Pt loading (1%
Pt/SiO2) and drying in air at 100 ◦C followed by reduction in H2 at 250 ◦C. Calcination
at 150 - 400 oC led to partial oxidation of Pt(NH3)42+ to Pt4+ species, which reduce to
metallic particles with a dispersion of about 0.4. Finally, calcination above 525 ◦C led to
large metallic Pt particles with a dispersion of about 0.07.333 The SEA method was also
applied to cationic and anionic Pt over carbon.334,336-338 SEA-prepared [Pt(NH3)4]2+
highly loaded catalysts (20 wt.% Pt or more) over carbon reduced at 200 oC showed
smaller average sizes (1.1 – 2.0 nm) and tighter standard deviations (about 25% of
particle size) than their IW counterparts. Interestingly, the particle size range of [PtCl6]2materials over carbon prepared with SEA (reduced at 160 oC) and IW was roughly the
same (1.5 – 2.5 nm) with similar standard deviations.336
The SEA method was also applied to the rational design of a Mn promoted Co
catalyst for Fischer–Tropsch synthesis.340,341 SEA allowed the selective adsorption of a
Mn promoter onto the supported Co3O4 phase and not onto the TiO2 support that is not
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achievable by IW. Thus, even with very small Mn additions, a more active and stable Co
catalyst was prepared.340 Recently, SEA was applied to the synthesis of Pt, Pd and Co
ammines supported on mesoporous silica SBA-15.339 More specifically, reduction at 350
o

C of a 8 wt.% Pt/SBA-15 catalysts, led to an average particle size of 2.1 nm. Formation

of small and homogeneous particles using SEA was observed in the case of Pd on SBA15 samples as well. Reduction at 200 oC, resulted in an average Pd particle size of 1.3
nm for the 8.7 wt.% Pd/SBA-15. Cobalt particles were larger (7.3 – 9.2 nm) for 2.4 – 5.1
wt.% Co/SBA-15, because the much higher temperature required for reduction (800 oC)
of the adsorbed cobalt ammine complex led to metal sintering. The SEA-prepared Co
particles were still much smaller than the IW prepared particles (~ 50 nm) reduced at
much lower temperature (450 oC).339
To the best of our knowledge, the SEA method has not been applied for the
synthesis of supported Ag catalysts. The goal of this work was to evaluate the uptake of
Ag diammine (Ag(NH3)2+) over supports with low and mid-point of zero charge (PZC)
(Nb2O5, SiO2, Al2O3 and ZrO2) and to exploit this knowledge to prepare highly dispersed
monometallic Ag nanoparticles using the SEA synthesis procedure.

The specific

objective was to investigate how the amount of Ag(NH3)2+ adsorbed by various supports
depends on the support nature and the solution pH. STEM and XRD measurements were
used to image and determine the size of the resulting supported metal nanoparticles,
respectively.
7.2 Experimental
7.2.1. Reagents and materials
Commercial Nb2O5∙(Companhia Brasileira de Metalurgia e Mineração – CBMM),
ZrO2 (Toyota), γ-Al2O3 (Toyota), fumed SiO2 (Evonik) and oxidized carbon (Asbury)
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supports with BET surface areas of 186, 96, 167, 148 and 114 m2/g, respectively, were
used as supplied. AgNO3 (99% purity, Aldrich), 1 N NH4OH (Alfa Aesar), and 5 N
NaOH (Alfa Aesar) aqueous solutions were used as received. Water purified to 18.2
MΩ·cm (Milli-Q grade) was used to prepare all aqueous solutions.
7.2.2. Point of zero charge measurements
The PZC of each oxide support was determined by the method described
elsewhere.324 In a typical measurement, appropriate amounts of each oxide support were
added to aqueous solutions adjusted to different initial pH values to achieve a surface
loading (the total support area per liter of solution) of 10,000 m2/L. Solutions were
allowed to stabilize for approximately 1 h and the pH was measured again. The PZC of
the solid corresponds to a plateau in a plot of final pH vs the initial pH.324 Based on
these measurements, Al2O3 and ZrO2 supports were found to have medium PZC values
of 7.8 and 6.8, respectively, while SiO2, Nb2O5 and carbon have low PZC values of 4, 3
and 4.7, respectively.
7.2.3. Preparation of Ag(NH3)2NO3
Silver diammine nitrate (Ag(NH3)2NO3), also known as a Tollen’s reagent, was
prepared according to a two-step procedure reported elsewhere.325 More specifically, a
3.15∙103 ppm AgNO3 aqueous solution was initially prepared by dissolving 0.315 g of
AgNO3 in 100 mL of deionized water. The resulting solution was transferred to a 1 L
volumetric flask and 450 μL NaOH solution (5 N) was added drop wise to the flask,
leading to the formation of a brown precipitate (Ag2O).

2AgNO3(aq) + 2NaOH(aq) → Ag2O(s) + 2NaNO3(aq) + H2O
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(5)

The subsequent addition of 12 mL NH4OH (1 N) to the mixture dissolves the precipitate
due to the formation of Ag(NH3)2NO3.
Ag2O(s) + 4NH3(aq) + 2NaNO3(aq) + H2O(l) → 2Ag(NH3)2NO3(aq) + 2NaOH(aq)

(6)

The 1 L volumetric flask was filled with deionized water to yield a 200 ppm Ag
concentration in the final solution with a basic pH of 11.3. The solution was vigorously
stirred during the whole preparation procedure and an amber flask was used due to the
light sensitive nature of silver.
7.2.4. Speciation of Ag at different pH values
Approximately 40 mL aliquots of the stock Ag(NH3)2NO3 solution were used to
determine the nature of Ag species existing in solution at different pH values. In each
case, the pH of the solution was adjusted to a desire value with 1.2 M HNO3 or 1 M
NaOH solutions, as it was appropriate, the acquired solution was stirred until no changes
in pH were observed, and examined by UV-vis.
7.2.5. Adsorption measurements
The control and adsorption experiments were performed at a constant surface
loading of 1000 m2/L in the absence and presence of the silver diammine precursor,
respectively. In adsorption experiments, appropriate amounts of the oxide supports were
added into 40 mL aliquots of the stock Ag(NH3)2NO3 solutions the pH of which was
adjusted in the 1-13 range (pHInitial) with 1.2 M HNO3 or 1 M NaOH solutions, as it was
appropriate. Suspensions thus formed were vigorously stirred and sampled for pH after 1
h (pHFinal). Then, 3-4 mL portions of these suspensions were removed, the solid was
filtered, and the liquid phase was analyzed by Atomic Absorption (AA) (Perklin-Elmer
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AAnalyst 400) for the Ag content. The adsorption density of Ag (ΓAg), expressed as
micromoles Ag adsorbed per square meter of the support surface, was calculated as:

Where CAg,Initial and CAg,Final are initial and final concentrations of Ag in solution,
respectively, and SL is the surface loading.
7.2.6. Synthesis of Ag/SiO2 and Ag/C
Approximately 1 g of the SiO2 support was mixed with an appropriate amount of
a 200 ppm Ag(NH3)2NO3 stock solution the pH of which was adjusted to 8 or 10 to yield
the suspension with the surface loading of 103 m2/L. The suspension was allowed to stir
for 1 h before the solid was separated by filtration and dried at room temperature for 48
h. The elemental analysis of solutions before and after interaction with the support was
used to determine the Ag loadings in solid materials.
0.5 g of the carbon support was mixed with 57.5 mL of 200 ppm Ag(NH 3)2NO3
solution giving a surface loading of 103 m2/L. The mixture was then pH adjusted to 8,
stirred for 1 h and vacuum filtered. The catalyst was dried at room temperature for 48 h.
ICP was used to determine Ag weight loadings in the finished catalysts. The same
procedure was used for the Ag/C catalyst at pH 13.
7.2.7. Atomic absorption spectroscopy
A Perklin Elmer (AAnalyst 400) atomic absorption spectrometer was used to
quantify the concentration of Ag in solutions. Calibration standards were prepared from
a 1000 ppm Ag stock solution (J. T. Baker) and the calibration curve obtained was
verified with an independent second standard solution of 2 ppm Ag in 5% (v/v) HNO3
(Ultra Scientific). All solutions were stored in amber glass volumetric flasks for light
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protection. Before measurements, all solutions were diluted with 5% HNO3 to reach the
0-5 mg/L range of Ag concentrations.
7.2.8. UV-vis spectroscopy
UV-vis spectra were collected at room temperature using a Shimadzu UV2010PC spectrophotometer and quartz cells with a path length of 10 mm. All samples
were scanned in the 190–800 nm range at 0.5 nm steps. Water purified to 18.2 MΩ∙cm
was used as the reference for all measurements.
7.2.9. BET measurements
BET surface area measurements were performed using a ChemBET-3000
analyzer (Quantachrome Instruments).

Prior to the BET measurements, all oxide

supports were outgassed in He at 120 oC for 3 h. The surface area of each support was
then determined using a multipoint BET method for adsorption of N2 at −196 oC.
7.2.10. STEM measurements
STEM images were recorded using a JEOL-2100F instrument equipped with a
CEOS aberration corrector on the illuminating optics and operating at 200 keV.
Typically, a small quantity of each powder sample was placed on a carbon-coated 200
mesh copper grid and the sample was imaged without any further preparation. In the
case of liquid samples, a drop of the solution was placed on the copper grid and dried
under vacuum for approximately 10 min before imaging.
7.3 Results
7.3.1. AgNO3 speciation in aqueous solution
UV–Vis absorption spectra of silver nitrate and silver diammine aqueous
solutions were recorded. These spectra are very sensitive to the coordination of Ag, and
the replacement of water by other ligands can be clearly distinguished.
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The

concentration of Ag was 1500 ppm. Silver nitrate spectra showed one main absorption
band (Fig. 7.1A) at 300 nm, due to interband transitions in silver (4d→5s, p).367 Silver
diammine has a weaker adsorption band around 400 nm, attributed to d-d transitions
(Fig. 7.1B). Since the UV-vis spectrum of these species is very different it can be used to
identify them in solution. The Ag+ and Ag(NH3)2+ species are in equilibrium and the
formation constant of Ag(NH3)2+ species in water at 25 oC is Kf = 1.7·107.376 The
equilibrium can be shifted to either side by varying the solution pH (Eq.7). In order to
prove that, the Ag diammine precursor solution, has pH around 11.3, was acidified and
the formation of Ag species was monitored as a function of pH by obtaining UV-vis
spectra of the acidified solutions (Fig. 7.1C). By acidifying the Ag diammine precursor
solution to pH 9.3 and 8.3 an absorption peak at 300 nm appears, indicating the
formation of Ag+ species.

At the same time, the intensity of the peak at 400 nm

decreases, indicating the decomposition of the Ag(NH3)2+ complex.
Ag+(aq) + 2 NH3(aq) ↔ Ag(NH3)2+(aq)

(Eq.7)

Fig. 7.2 shows the mole fraction of Ag species as a function of the solution pH.
Specifically, for pH lower to 9.3, the majority of species are the Ag+ ones, whereas the
Ag diammine species exist only in a small pH range from pH 9.5 to 12.
7.3.2. Silver diammine adsorption over SiO2, Al2O3, ZrO2, Carbon and Nb2O5
Fig. 7.3A shows the Ag uptake curve by SiO2: the Ag surface density, defined as the
amount of Ag per m2 of the support, is plotted against the final pH value of the slurries
after 1 h of stirring. At pHs below 6.6, there is little adsorption. A broad maximum is
observed in the wide final pH range of 9.5 – 10.5 (initial pH range between 11 and 12 for
silver diammine solutions). At the adsorption maximum of silver diammine by SiO2, the
uptake is about 1.6 μmol/m2, which corresponds to a Ag loading, defined as the
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A

B

C

Fig.7.1 UV-vis spectra of (A) 1500 ppm AgNO3 aqueous solution, (B) 1500 ppm
Ag(NH3)2+ solution and (C) acidified Ag(NH3)2+ solution (1500 ppm), at pH (1) 11.3, (2)
9.3 and (3) 8.3.
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Fig.7.2 Mole fraction of Ag species (1) Ag+ and (2) Ag(NH3)2+ in solution as a function
of the solution pH.
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percentage of the Ag mass per the total mass of the catalyst, of about 2.5 wt%. This
volcano- type curve has been seen previously for ammine complexes over silica.339,363
Fig. 7.3B-D display the adsorption curves over Al2O3, ZrO2 and carbon at 1000
m2/L, respectively. The figures of the adsorption of Ag(NH3)2+ over Al2O3/ZrO2/carbon
indicate that no/weak adsorption occurs when the final pH is below the PZC of alumina,
zirconia, carbon (pHPZC = ~ 7.2, 6.8, 4.7 respectively). In all these cases there are two
adsorption peaks, the first one at pH ~ 7.5 and the second one at pH ~ 11.5. Beyond a
pH of 11.5, a decrease in adsorption is observed. The maximum uptake of Ag(NH3)2+ by
Al2O3, ZrO2 and carbon is around 0.4, 0.8 and 1.9 μmol∙m-2, respectively, defined as the
percentage of the Ag mass per the total mass of the catalyst, of about 0.6, 0.8 and 0.73
wt%, respectively. One possible explanation for this behavior is the number of hydration
layers that Ag diammine retains during its interaction with each one of these supports.
Fig. 7.3E contains the data of contacting 200 ppm (Fig. 7.3E1) and 1500 ppm
(Fig. 7.3E2) of Ag(NH3)2+ with 1000 m2/L Nb2O5. No adsorption occurs when the final
pH is below the PZC of Nb2O5 (~3.0). The adsorption surveys were performed at initial
pH values in the range of 6-13. At the low Ag concentration, the uptake begins only past
the pHPZC of Nb2O5, and then reaches a wider plateau from pH 5 to 11.5. The maximum
uptake of Ag over niobia, for solutions with initial Ag concentration 200 ppm, is 2
μmol/m2, corresponding to full adsorption of Ag in solution. Two maxima, at around
final pH 7.5 and 11.5, are observed for the higher Ag concentration. These maxima
correspond to Ag uptake 14 and 12 μmol/m2, leading to supported Ag/Nb2O5 catalysts,
with loadings 20 and 12.5%, respectively. Compared with the rest of the oxide supports
used, the pH of maximum uptake for Nb2O5 is much higher.
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Fig. 7.3 Ag uptake over silica (A), alumina (200 ppm silver diammine) (B), zirconia (200
ppm silver diammine) (C) oxidized cardon (200 ppm silver diammine) (D) and niobia
(200 ppm and 1500 ppm silver diammine) (E) versus final pH (1000 m2/L).
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7.3.3. pH shift control experiments
Fig. 7.4A display the pH shifts for silver diammine adsorption experiments at
1000 m2/L. The pH shift curves after adsorption display similar trends as those in the
metal-free control experiment. In the initial pH range of 6–10.5, the final pHs of the
adsorption of Ag diammine complex over silica are slightly higher than those in the
metal-free control experiment, whereas for pHInitial < 6, the final pHs are lower than those
in the control experiment. In the highly basic initial pH range of 10.5–12.5, the final pHs
in the adsorption experiments of Ag diammine complexes over silica fit the data of
control experiment well. Figs. 7.4B,C and E demonstrate that similar results pH shifts for
silver diammine were observed over Al2O3 (or ZrO2) and Nb2O5. Specifically, the final
pHs of the adsorption experiment over Al2O3 (or ZrO2) and Nb2O5 are higher than those
of the control experiment for the initial pH range of 8.5 – 11 and 7 -11, respectively.
The final pHs of the adsorption of 200 ppm of Ag diammine complex over Nb2O5 are
lower than the final pHs of the 1500 ppm adsorption. A number of mechanistic details
can be inferred from the pH shifts of Fig. 7.4B,C and E.
7.3.4. Silver nitrate adsorption over SiO2 and Nb2O5
Fig. 7.5 display uptake versus pH curves of 200 ppm AgNO3 over silica and
niobia, respectively. Similarly with the adsorption of Ag(NH3)2+ by silica, at pHs below
6.6, there is little adsorption. The current data overlaps with the adsorption is Ag(NH3)2+
by silica. pH adjustments were performed using 0.1 N NaOH and in order to prevent
precipitation of Ag2O the pH was not adjusted to values leading to pH final higher than
9.3. In the case of niobia, no adsorption occurs when the final pH is below the PZC of
niobia (~ 3.0). Niobia begins to adsorb AgNO3 at a pH greater than pHPZC and reaches a
maximum uptake for pH around 7. Beyond pH 7, the adsorption reached a wide plateau,
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Fig. 7.4 Comparison of pH shift over silica (A), alumina (B), zirconia (C), oxidized
carbon (D) with and without Ag(NH3)2+.
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A

B

Fig. 7.5 AgNO3 uptake over silica (A) and niobia (B) versus final pH (1000 m2/L and
200 ppm silver nitrate).
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most probably due to the formation of Ag2O adsorbed on the niobia surface. Comparing
the adsorption of AgNO3 versus Ag(NH3)2+ by niobia, it is worth noticing that the
experimental data overlap for pH < 7.
7.3.5. Characterization of supported Ag/SiO2 and Ag/C
Since the z contrast is satisfied only for Ag/SiO2 and Ag/C, TEM images were
collected for those materials synthesized at pH 8, 10 and 8, 13 for Ag/SiO2 and Ag/C,
respectively. Representative STEM images of SEA Ag(NH3)2+/SiO2 materials are shown
in Fig. 7.6A and B. Interestingly, the average particle size of Ag(NH3)2+/SiO2 materials
at pH 8 and 10 was roughly the same (~ 2 nm). Fig. 7.6 C and D show STEM images of
SEA Ag(NH3)2+/C at pH 8 and 13, with particle size distribution 3.3 ± 1.3 and 3.5 ± 2.7
nm, respectively. The reduction temperature employed for the Ag(NH3)2+/SiO2 and
Ag(NH3)2+/C samples was 60 and 100 oC, respectively, with heating rate of 2 oC/min.
There was not observed a significant change in the particle size prior and after reduction
for the Ag(NH3)2+/SiO2 sample at pH 8 (Fig. 7.6E). On the other hand, reduction of the
Ag(NH3)2+/C synthesized at pH 8 and 13 (Fig. 7.6 F and G) lead to the decrease of the
particle size from 3.3 ± 1.3 to 2.2 ± 0.8 nm at pH 8 and from 3.5 ± 2.7 to 3.3 ± 3.5 nm at
pH 13.
7.4 Discussion
7.4.1. Adsorption at high pH – electrostatic mechanism
The silver diammine complex at high pH (cationic) exhibits the features of
electrostatic adsorption. The downturn in uptake at each pH extreme seen in Fig. 7.3A-C
can be attributed to the decrease in adsorption equilibrium constants caused by high ionic
strength.328 This effect has been observed previously for a number of base metal anionic
and cationic complexes adsorbing onto carbon.371 The narrowness of the ‘‘volcano’’
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D

Fig. 7.6 STEM micrographs of samples: (A) 1% Ag/SiO2 at pH = 8 (dry sample), (B)
2.4% Ag/SiO2 at pH = 10 (dry sample), (C) 0.73% Ag/C at pH = 8 (dry sample). (D)
0.73% Ag/C at pH = 13 (dry sample).
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shape at high pH may stem from the lower density of surface O groups on alumina and
zirconia relative to silica (Fig. 7.3A-C). There is an optimal pH at which the electrostatic
interaction appears strongest. At 1000 m2/L for 200 ppm Ag over silica, alumina/
zirconia and carbon, this pH is about 9.8, 11.5 and 11.8, respectively, while for 1500 ppm
Ag over low PZC niobia support at 1000 m2/L, the optimal pH appears to be near 11.5.
To our knowledge, this is the first report of an optimal pH at which to perform Ag cation
adsorption over support of high and low PZC. Given these features we consider the
uptake of silver diammine onto silica, alumina.zirconia, carbon and niobia at high pH to
be an “electrostatic adsorption” mechanism, occurring on negatively charged O- groups.
Specifically, in the case of silica at pH 9.8, the negatively charged SiO2 (PZC ~ 4), can
interact electrostatically with the positively charged Ag(NH3)2+ precursor.
Si-O- + Ag(NH3)2+ ↔ Si-O- - [Ag(NH3)2+]
Adsorption surveys over Nb2O5 (Fig. 7.3E), with Nb2O5 having a more acidic
PZC (pHPZC < 3.8) compared to SiO2 and carbon, revealed that Nb2O5 had a stronger
potential to attract Ag(NH3)2+ in solution. The maximum uptake of Ag over Nb2O5 (14
μmol/m2) is much greater than the one obtained for the Ag/SiO2 and Ag/C systems (1.6
and 1.9 μmol/m2, respectively). Such variations in the maximum uptake values might be
attributed to the number of hydration sheaths retained by adsorption Ag cationic
complexes. Our results suggest that over SiO2 and carbon system, Ag complexes retain
one hydration sheath, whereas Ag loses all hydration sheaths over Nb2O5. Moreover, Ag
complexes retain two hydration sheaths when adsorbed by Al2O3 (pHPZC ≈ 7.8) and ZrO2
(pHPZC ≈ 6.8), leading to maximum uptakes of 0.4 and 0.8 μmol/m2, respectively, lower
than those observed for SiO2, carbon and Nb2O5.
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7.4.2. Adsorption at low pH – ion exchange / electrostatic adsorption
In the present set of data, an ion exchange and electrostatic adsorption mechanism
are indicated for silver diammine at low pH. The first indication is that the pH shift
experiments (Fig.7.4) show a significant H+ released into solution from the surface for
pH lower than ~ 8 for alumina, zirconia and niobia. It is important to note that at low pH
the Ag+ species dominate in the solution. The ion exchange reaction is possible when the
following reaction between the surface (S) hydroxyl groups and the Ag+ species is taking
place:
S-OH + Ag+ ↔ S-O-Ag + H+
The chemical interaction is fundamentally different from an electrostatic
mechanism in which the silver diammine complexes retain its hydration sheath(s) and are
above the surface as ‘‘outer-sphere’’ complexes. The chemical mechanism involves the
close approach of the Ag complexes to support surface as they react with the hydroxyl
groups. In this interaction, the hydration sheath would be lost, allowing a higher density
of complexes to adsorb.336 This can explain the higher adsorption density observed over
niobia (up to about 14 μmol/m2 in Fig. 7.3Ε) when compared to the adsorption maximum
of 12 μmol/m2 observed over niobia at pH 11.5. In the case of silica, carbon and niobia
(Fig. 7.3A,D and E) the first adsorption maximum appears for pH higher than the PZC of
the supports, indicating that the surface is negatively charged and can still interact
electrostatically with the Ag+ species in the solution. Fig. 7.3B and C show that the first
adsorption maximum of alumina and zirconia appear at pH close to the PZC of these
supports (around 8), indicating that the surface is neutrally charged and the predominate
Ag+-surface mechanism is the ion exchange.
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We believe that ion exchange and

electrostatic adsorption mechanisms act in parallel, with ion exchange predominating
when the adsorption maximum exists around the pHPZC of the surface.
The most intriguing claim of an ion exchange mechanism is proffered in the work
of Amine et al.
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who show a correlation of PTA uptake with carboxylic acid groups

over a number of oxidized carbons (Denka Black, Vulcan XC72, and BP 2000). They
observed a rapid decrease in solution pH, by the release of proton from the surface of
carbon black during the exchange with Pt ions, accompanied with a significant uptake of
Pt. Similarly to the Amine et al. work, in the present work, there is a release of protons
from the support to the solution for pH lower than 6, 8, 7.5 and 8, for silica, alumina,
zirconia and niobia, respectively (Fig. 7.4A-C and E). We believe that the release of
protons is caused by the ion exchange reaction between the support and the Ag species.
If the adsorption mechanism of silver species over alumina, zirconia and niobia at
low pH is ion exchange, then the uptake should be expected to occur at the pH of the
PZC of those supports, because the surface is neutral, and the hydroxyl groups dominate
alumina, zirconia and niobia surface species. But Fig. 7.3B,C and E show that Ag+
adsorption adsorption occurs in our experiments when the final pH equals the PZC of
alumina and zirconia (around 7.8 and 6.8, respectively), but not with niobia. At high pH
ranges, the surface hydroxyl groups become deprotonated, and the number of OH groups
decreases accordingly, inhibiting ion exchange. Furthermore, ion exchange predicts that
Ag+ species will deposit over the hydroxyl groups at alumina, zirconia and niobia 1:1
stoichiometry. In our experiment, the maximum Ag uptake over alumina is about 0.24
μmol/m2 at a final pH of 8 (initial pH 8). If the entire uptake were caused by ion
exchange, then the protons released to the bulk solution should decrease the pH from an
initial value of 8 to a final value of 5.2. Similarly with alumina, in the case of zirconia
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and niobia , if the entire uptake was caused by ion exchange, the H+ released should
decrease the pH from an initial value of 7.5 and 8.5 to 4.7 and 3.6 for zirconia and niobia,
respectively. These results are leading us to the same conclusion as previously, that the
ion exchange and electrostatic adsorption mechanisms act in parallel at low pH.
7.4.3. Proton transfer to and from the oxide surface
A number of mechanistic details can be inferred from the pH shifts of Fig. 7.4.
First, silica in Fig. 7.4A show an ability to give protons in the whole pH range
investigated, higher than the PZC of silica (deviation from diagonal in the whole pH
range). Alumina, zirconia and niobia, on the other hand, in Fig. 7.4B,C and E show
relatively much greater capacity to adsorb protons below the PZC (deviation from the
diagonal in the left-hand side of the plot) than the capacity to give protons up above the
PZC (deviation from the diagonal on the right side of the plot). In fact, silica has almost
full proton-donating capacity. Unlike the amphoteric surface –OH groups on alumina,
zirconia and niobia, which can both be protonated at low pH to form –OH2+, exist as –
OH at the PZC, and deprotonate to –O- above the PZC, the proton transferring functional
groups on silica are best characterized as proton-donating, O-.
Second, the pH plateau for alumina and zirconia is over one and a half pH unit
wider than that for niobia at the same surface loading (1,000 m2/L). This indicates that
the surface density of protonizable surface groups on niobia is much less, than that of the
alumina and zirconia. These data appear consistent with experimental determinations; the
–OH density for alumina, zirconia and niobia are typically cited at around 8,328 15,373 and
12 OH/nm2,374 respectively. The smaller density of protonated groups at the alumina can
explain the relatively narrow breadth of the pH uptake volcano plots of Fig. 7.3B relative
to its width over niobia (Fig. 7.3E).
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From pH 6 – 11, 8 - 11.5, 7.5 - 11.5 and 7 - 11.5, for silica, alumina, zirconia and
niobia (Fig. 7.4A-C,E) protons are released from the solution to the support. For pH
lower than 6, 8, 7.5 and 7, for silica, alumina, zirconia and niobia, respectively, protons
are released from the support to the solution and they are being consumed in formation of
NH4+ from released NH3 ligands.
7.4.4. Adsorption of AgNO3 over SiO2 and Nb2O5
Fig. 7.5 displays the adsorption curves of AgNO3 over silica (Fig. 7.5A) and
niobia (Fig. 7.5B) at 1000 m2/L. The adsorption of Ag+ over silica and niobia indicate
that no adsorption occurs when the final pH is below the PZC of these supports (pHPZC
∼4, 3 for silica and niobia, respectively). Silica adsorbs the Ag+ species at pHs greater
than pHPZC and reaches a maximum uptake at a pH of around 9.5. At higher pH,
adsorption is retarded by the effect of high ionic strength, which effectively diminishes
the value of the adsorption equilibrium constant.332 The same uptake tendency can be
observed in the adsorption experiments of Ag species over alumina and zirconia.
Similarly with silica, the maximum adsorption of the Ag+ species by niobia is observed
at pH ~ 7 (Fig. 7.5B). Interestingly, the adsorption reaches a plateau at pH ~ 7 and it
remains constant until final pH 10. We believe that the presence of a plateau is attributed
to the formation of Ag2O species in the solution that are absorbed by the niobia surface.
It is noteworthy that the adsorption curves of Ag+ by silica and niobia, follow exactly the
same patent as the adsorption curves of Ag(NH3)2+ by silica and niobia, respectively.
This result is another indication that the first adsorption peak in the case of silica and
niobia can be attributed to electrostatic adsorption of Ag+ species by the deptotonated
surface. Although, we haven’t performed similar experiments for the rest of the supports
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(alumina, zirconia and carbon), we believe that similar adsorption curves would have
been observed for these supports as well.
7.4.5. Ag Particle Synthesis
In the present study, Ag/SiO2 and Ag/carbon catalysts synthesized at a low and
high pH with the use of Ag(NH3)2+ precursor by the SEA lead to very small Ag particles
(2 – 3.5 nm). The Ag particle size at low/high pH gave very similar results leading us to
the conclusion that the electrostatic adsorption mechanism (high pH) and the
combination of ion exchange and electrostatic adsorption mechanism (low pH) lead to
the formation of similarly sized Ag supported particles. Indeed, the Ag particle sizes for
1% Ag/SiO2 at pH 8 (Fig. 7.6A) and 2.4% Ag/SiO2 at pH 10 (Fig. 7.6B) is in both cases
as small as 2 nm, whereas for the 0.73% Ag/C at pH 8 (Fig. 7.6C) and 0.73% Ag/C at pH
13 (Fig. 7.6D) sample the Ag particle size obtained was 3.3±1.3 and 3.5±2.7 nm,
respectively. To the best of our knowledge, the SEA method provides the best solution
for obtaining very small Ag particles on both silica and carbon.
7.5

Conclusions
Strong electrostatic adsorption of Ag onto low (silica, carbon and niobia) and

high PZC (alumina and zirconia) supports can be used with silver diammine to achieve
formation of small and high dispersion Ag particles with a simple reduction in hydrogen.
The adsorption of silver diammine is taking place through two different mechanism
depending on the pH of the solution. The interaction of silver diammine with low/high
PZC surfaces at a high pH (Ag(NH3)2+) appears to be wholly electrostatic in nature,
whereas at low pH (Ag+) the interaction appears to be a combination of electrostatic
adsorption and ion exchange, depending on whether the adsorption pH is close to the
PZC of the surface or not. Indication of the ion exchange mechanism at low pH is the
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fact that there is a significant H+ released into solution from the surface for pH lower
than 6, 8, 7.5 and 7, for silica, alumina, zirconia and niobia, respectively, and they are
being consumed in formation of NH4+ from released NH3 ligands. The Ag diammine
species exist only in a small pH range from pH 9.5 to 12, whereas for pH lower to 9.3,
the majority of species are the Ag+ ones. Moreover, the adsorption curved of Ag+ and
Ag(NH3)2+ over silica and niobia overlap, indicating that at low pH the is an electrostatic
adsorption/ion exchanged taking place between the Ag+ species and the oxide supports
examined.
The adsorption of the Ag species by silica leads to a broad maximum for final pH
9.5 – 10.5.

At uptake of Ag at this adsorption maximum is about 1.6 μmol/m2,

corresponding to a Ag loading of about 2.5 wt%. The adsorption of Ag species over
Al2O3/ZrO2/carbon goes through two adsorption peaks, at pH ~ 7.5 and 11.5. The
maximum uptake of Ag(NH3)2+ by Al2O3, ZrO2 and carbon is around 0.4, 0.8 and 1.9
μmol∙m-2, respectively. The low adsorption of alumina can be explained by the fact that
the first adsorption peak appears to be very close to the PZC of alumina. Similarly to our
results, it has been shown that alumina adsorbs CPA (1.6 μmol∙m-2) and PTA (0.4
μmol∙m-2) at low and high pH, respectively, showing that the adsorption decreases when
the final pH approached the PZC of alumina, in this case 8.44.377 Compared to all the
supports used in this study, Nb2O5 had a stronger potential to attract Ag species in
solution. The 200 ppm initial concentration of Ag used in the case of niobia was fully
adsorbed. Two maxima, at around final pH 7.5 and 11.5, are observed for the higher Ag
concentration (1500 ppm). These maxima correspond to Ag uptake 14 and 12 μmol/m2
much higher compared to the other supports, leading to supported Ag/Nb2O5 catalysts,
with loadings 20 and 12.5%, respectively. Such variations in the maximum uptake
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values might be attributed to the number of hydration sheaths retained by adsorption Ag
cationic complexes. Over SiO2 and carbon, Ag complexes retain one hydration sheath,
whereas Ag loses all hydration sheaths over Nb2O5. Moreover, Ag complexes retain two
hydration sheaths when adsorbed by Al2O3 and ZrO2.
Interestingly, the average particle size of Ag(NH3)2+/SiO2 materials at pH 8 and
10 was roughly the same (~ 2 nm). STEM images of SEA Ag(NH3)2+/C at pH 8 and 13,
with particle size distribution 3.3 ± 1.3 and 3.5 ± 2.7 nm, respectively.
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